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Abstract

ABSTRACT
A new grid material, Pb-Ca-Sn-Al-Se alloy has been made and a series
of mechanical and electrochemical experiments has been carried out to
investigate the influence of selenium on the Pb-Ca-Sn-Al alloy which is widely
used in lead-acid batteries at the present time as a grid material.
The optical observations have shown that the selenium has an evident
effect on grain size and crystal boundaries. Incorporation of a certain amount
of selenium results in smaller grains and narrower grain boundaries while
excessive additions ( > 0.1 wt. % ) feature large dendritic crystals and broad
grain boundaries. This phenomenon is probably due to the presence of the new
phase of PbSe which acts as grain refiner in the alloy while the excess exists as
large intermetallic particles and, during coohng, is responsible for the
formation of large dendritic crystals.
A certain amount of selenium enhances the hardness of Pb-Ca-Sn-Al
alloy while the property decreases sharply with 0.1 wt. % Se addition and a
similar situation is observed in tensile strength measurements. The results is
quahtatively in accordance with the Hall-Petch relationship and Conrad theory.
Investigations of potentiodynamic polarization, cyclic voltammetry and
impedance spectroscopy indicate that alloying with selenium could suppress
the passive current value, therefore, increasing the stability of the passive film
on Pb-Ca-Sn-Al alloy. However, the lower resistance of the oxide layer on Pbm
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Ca-Sn-Al-Se alloys at a potential of about +1.30v could be attributed to the
transformation kinetics from PbO to PbOx and then a-Pb02 as well as the
oxygen evolution.
The comparison of the gassing characteristics of oxygen and hydrogen
evolution reveals a higher oxygen evolution rate and lower hydrogen evolution
rate with selenium additions. Both of these results could be attributed to the
effects of selenium on the structure and passive film on Pb-Ca-Sn-Al alloy.
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Chapter 1 Introduction
Efforts to improve the lead acid battery by introducing minor
elements to grid alloys have never decreased and people have investigated
almost all the elements in periodic table primarily principal constituents in
lead binary and ternary systems, including Li, Na, Cu, Ag, Mg, Sr, Ba, Cd,
Hg, Ge, Tl, Ti, Sn, Bi, S, As, Se, Te, Mn, and Co [1]. As a result, based
mainly on lead-antimony and lead-calcium alloys, manufacturers have
successfully established various commercial grid alloys with additions of Sn,
Al, Ag, As, Se, Bi and Cu etc.. All the additives above contribute to the lead
acid battery by modifying castability, corrosion resistance, creep abihty and
gassing properties of grid alloys. The continuous development of grid
alloys, together with other well estabhshed design technology, help the
manufacturers to defend the position of the lead-acid battery and make it still
very difficult for any new battery system in sight at the present time to
directly substitute this century old cell.
Since the 1970s, there has been a growing demand in the battery
market for low-maintenance and maintenance-free batteries. The traditional
lead-antimony alloys are unsuitable to approach that demand due to their
high water loss as well as the dissolution of antimony from the positive grid.
The lead-calcium alloy system, because of its high hydrogen and oxygen
overpotential, has received more and more attention in the last fifty years.
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Unfortunately, earlier applications demonstrated that the leadcalcium alloy used for grids was unsatisfactory because the battery capacity
declined sharply after deep-discharge cycles. This phenomenon was termed
the 'antimony-free effect' [2, 3].

There have been a series of studies that have involved the
improvement of lead-calcium alloy grids by further additions of other
elements to the binary alloys. Lead-calcium-tin (aluminium) alloy has been
developed which proved more advantageous for both metallurgical and
electrochemical properties and it has been widely employed in lead acid
battery as a grid material nowadays.

Bagshaw [4] has suggested that lead-calcium-tin (aluminium) alloys
could be grain-refined and further developed by the addition of small
amounts of rare-earth elements. Based on this assumption, the influence of a
fifth alloying element on lead-calcium-tin-aluminium alloy such as sodium
[5], bismuth [6] and silver [7] has been studied. However, research on the
alloy with selenium additions has never been carried out despite its dramatic
effects on pure lead, lead-tin and lead-antimony system alloys. In the
present work, different contents of selenium were introduced into a leadcalcium-tin-aluminium alloy and then microstructures and mechanical
properties of the new alloys were investigated.
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A further purpose of this study was to examine the electrochemical
and corrosion behaviours including anodic polarization, cyclic voltammetry,
electrochemical impedance spectroscopy, hydrogen and oxygen evolution
kinetics.

Chapter 2

CHAPTER 2

LITERATURE REVIEW

Chapter 2

Chapter 2 Literature Review

2.1

The lead-add battery

An electrochemical power source or battery is a device which enables
the energy liberated in a chemical reaction to be converted directly into
electricity. Batteries fulfil two main functions. First and foremost they act as
portable sources of electric power. Well known examples range from the
small button cell used in electric watches, to the lead-acid batteries used for
starting, lighting and ignition in vehicles with internal combustion engines.
The second function which is likely to increase in importance over the next
twenty years, is based on the ability of certain electrochemical systems to
store electrical energy supplied by an external source. Such batteries may be
used for driving electric vehicles, for emergency power supphes, and as part
of the main electricity supply system for meeting short duration demand
peaks (load levelling), or in conjunction with renewable energy sources such
as solar, wave or wind power.

The manufacture of secondary (rechargeable) batteries based on
aqueous electrolytes forms a major part of the world electrochemical
industry. By far the largest total capacity produced is that of the lead-acid
batteries whose dominance is due to a combination of low cost, versatility
and the excellent reversibility of the electrochemical system. Lead-acid cells
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have extensive use both as portable power sources for vehicle service and
traction, and in stationary applications ranging from small emergency
supplies to load levelhng systems.

The history of the lead-acid cell, more consistently named the 'leadlead oxide cell' commenced in 1859 with the construction by the French
physicist, Gaston Plate, of the first practical rechargeable cell, consisting of
two coiled lead strips, separated by a linen cloth. This system forms the basis
of the most widely used secondary battery of the present time. Today over a
third of the world output of lead is used for manufacturing over one hundred
million lead-acid batteries every year. The energy ranges of these cells are
from 5 Wh to 100 Wh starting, hghting and ignition (SLI) systems, and to
projected 10 MWh load levelling modules. The great success of this system
is due to a number of favorable factors such as the relatively low cost and
availabihty of the raw materials (lead and sulphur), ease of manufacture,
long cycle hfe and favorable electrochemical characteristics. The lead-acid
battery has been a successful article of commerce for over a century. Its
production and uses continue to grow because of new applications for
battery power in energy storage, emergency power, and electric vehicles
(including material - handUng equipment) and because of the continued
growth of automobiles, boats, and planes for which it provides the energy or
engine starting, vehicle lighting, and engine ignition. Its sales represent
approximately 60 % of the sales of all batteries in the world [8].
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The overall advantages and disadvantages of the lead-acid battery,
compared with other systems, are Usted in Table 2.1 [8].
Table 2.1 Major advantages and disadvantages of
lead-acid batteries.

Advantages
Popular low-cost secondary battery- capable of
manufacture on a local basis, worldwide,fromlow to high
rates of production.
Available in large quantities and in a variety of sizes
and designs—^manufactured in sizes from smaller than 1
Ah to several thousand ampere hours.
Good high-rate performance suitable for engine
starting (but outperformed by some nickel-cadmium
batteries).
Good low- and high-tenperature performance.
Electrically efificient-tumaround efficiency of over
60%. Comparing discharge energy out with charge energy
in.
High cell voltage-the open-circuit voltage of 2.2 V
is the highest of all aqueous electrolyte battery systems.
Goodfloatservice.
Easy state of charge indication.
Good charge retention for intermittent charge
applications (if grids are made with high overvoltage
alloys).
Capable of being fabricated in maintenance-free
designs.
Low cost compared with other secondary batteries.

Disadvantages
Relatively low cycle life.

Limited energy density-typically
30 to 40 Wh/kg; other systems are
capable of 60 Wh/kg or higher.

Poor charge retention-sulfation.
Long-term storage in a
discharged condition can lead to
irreversible polarization of electrodes
(sulfation).
Difficult to manufacture in small
sizes (it is easier to make nickelcadmium button cells in the smaller than
500-mAhsize).
Hydrogen evolution in some
designs can be an explosion hazard.
Stibine and arsine evolution in
some designs and Explications can be a
health hazard.
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2.2 Battery performance characteristics
The performance of the lead-acid cell has been improved through
more than a century of continuous research and development. This has been
directed not only towards improved engineering design and manufacturing
techniques, but also to achieving a better understanding of the mechanisms
of the cell process and of the factors which play an important role in
degrading the system during its cycle hfe. The result has been a significant
increase in the specific capacity, energy density and cycle efficiency and a
reduction in the need for cell maintenance, e.g., low rate charging to
compensate for self-discharge.
From a very first approach one can describe the overall process of
electrochemical conversion in a lead-acid cell by the following reaction:
Pb02+Pb + 2H2S04 = 2PbS04+2H20 Eo = 2.04 V (2.1)
which was defined by Gladstone and Tribe in 1882 as the 'Double Sulfate
Theory' [1], with lead sulphate formation on both electrodes during
spontaneous discharge of the system on closed circuit load or charge
delivery. This theory results in viewing the lead-acid cell as essentially an
assembly of two different electrodes, the lead dioxide as the anode or
positive electrode and the Pb as cathode or negative, according to the
following representations:
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Pb(s)/PbS04 (s) II H2SO4 (aq) || PbS04(s)/Pb02/Pb(s)

Each electrode couple establishes its own equilibrium potential on the
respective plate, resulting in an electromotive force (emf) across the cell of a
theoretical 2.04 V, the highest aqueous galvanic cell potential attainable for
a feasible battery system.
+ve

-ve

Eemf = E(Pb02/PbS04) - E(Pb/PbS04) - 2.04V

( 2.2 )

A most significant asset, however, of the lead-acid system, making it
a successful secondary storage system, is the chemical reversibility which is
high enough to the degree it allows the active material of the plates to be
converted to lead-sulphate when discharging and vice versa while restoring
the lost capacity through charging.

The above overall cell reaction is, therefore, considered as
comprising the positive (Pb02/PbS04) and negative (Pb/PbS04) electrode
half-cell (or elementary) reversible plate reactions, as expressed by the
following electrochemical equations:

(Positive electrode)

Pb02 + 4H^ + S04^' + 2e = PbS04 + 2H2O ( 2.3 )

(Negative electrode)

Pb + S04^" = PbS04 + 2e"

( 2.4 )
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The general performance characteristics of the lead-acid cell, during
charge and discharge, are shown in Figure 2.1 [8]. As the cell is discharged,
the voltage decreases due to depletion of material, internal resistance losses
and polarization. If the discharge current is constant, the voltage under load
decreases smoothly to the cut-off voltage and the specific gravity decreases
in proportion to the ampere-hours discharged. In practice, however, only a
fraction of the theoretical capacity of the battery is realised, which is due to
many factors that influence the operational characteristics, capacity, and
performance of the battery. Besides the obvious effects of cell design, active
material consistency and composition, acid strength and temperature, service
(discharge-recharge) conditions most definitely determine the final cell
performance output (capacity, life expectancy, cycling performance).
Typically, a charged positive electrode contains both variations
(polymorphs) of lead dioxide, a-Pb02 (orthorhombic) and p-Pb02
(tetragonal). The equilibrium potential of the a-Pb02 is more positive than
that of p-Pb02 by 0.01 V. The a form also is a larger, more compact crystal
which is less active electrochemically and shghtly lower in capacity per unit
weight; it does, however, promote longer cycle life. Neither of the two forms
is fully stoichiometric. Their composition can be represented by PbOx, with
X varying between 1.85 and 2.05. The preparation of the active material
precursor consists of a series of mixing and curing operations using leady

2 . 4 0 r-

>
a/ 2 . 2 0
cn
ra
"o
>
"oi
U

2 00

Nnrmnl
discharqe
Time

Fig. 2.1 Typical voltage and specific gravity characteristics of leadacid battery constant rate discharge and charge.
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lead oxide (PbO + Pb), sulphuric acid, and water. The ratios of the reactants
and curing conditions (temperature, humidity, and time) affect the
development of crystallinity and pore structure. The positive active material,
which is formed electrochemically from the cured plate, is a major factor
influencing the performance and life of the lead-acid battery.

The electrolyte is a sulphuric acid solution, about 1.28 kg/m^ specific
gravity or 37 percent acid by weight in a fully charged condition.

As the cell discharges, both electrodes are converted to lead sulphate;
the process reverses on charge. The basic electrode processes in the positive
and negative electrodes involve a dissolution-precipitation mechanism and
not some sort of solid-state ion transport or film formation mechanism [1].
This discharge / charge mechanism, is illustrated in Figure 2.2 [9] and with
the following reaction scheme:
discharge

Negative electrode:

Pb

o

Pb^"" + 2e

charge

Positive electrode:

Pb^^ + S04^"

PbS04

PbOs + 4H''+ 2e

Pb^"" + H2O

Pb^"" + S04^"

PbS04
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Negative plate

Original material used

Pb

Ionization process

Electrolyte

Positive plate

2H3SO4 and 2 H j O

Pb 0 ,

S02-.S02-,4H +

Cu rrent-produci ng
process

4 0 H - , Pb^'

2e + Pb^'

Final products of
discharge

Pb SO4

Pb^* - 2e
4H2O
Lessamt used) 2 H j O

Pb SO^

2H2O
(a)

Negative plate

Electrolyte

Positive plate

Pb SO4

4H2O

Pb SO,

Final products of
discharge

Ionization process
Process produced by
current
Original materials
restored

pb^-,

sol

2 H ^ 4 0 H ^ 2H'
_J
I

I

2e—

-2e
-Pb^^
2H2O

Pb

HjSO«

HjSO^

Pb 0 ,

(b)

Fig. 2.2 Discharge and cliarge reaction of tine lead-acid battery:
(a) discharge reaction

(b) charge reaction
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As the sulphuric acid in the electrolyte is consumed during discharge,
producing water, the electrolyte can be considered an 'active material' and
in certain battery designs can be the limiting material.

As the cell approaches full charge and the majority of the PbS04 has
been converted to Pb or Pb02, the cell voltage on charge becomes greater
than the gassing voltage (about 2.39 V per cell ) and the over-charge
reactions begin, resulting in the production of hydrogen and oxygen
(gassing) and the resultant loss of water.

Negative electrode:

2H"^ + 2e ^ H2''

Positive electrode:

H2O - 2e

Overall reaction:

H2O ^ H2T + Vi O^^

Vi O2T + 2H"'

In sealed lead-acid cells, this reaction is controlled to prevent
hydrogen evolution and the loss of water by recombination of the evolved
oxygen with the negative plate.

In addition to the efficiency (coulombic, energy and voltage)
parameters used to estimate cell performance, more detailed information on
the characteristic behavior of cells under any combination of load or echarge
conditions and states of charge or discharge, can be conveyed by
polarization(voltage versus current) and discharge (voltage versus capacity)
15
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curves. Discharge curves showing the discharge profile of SLI - type
batteries at several constant current discharge rates, are presented in Figure
2.3 [8].
Primary data for cycling performance evaluation are more efficiently
derived from charge-discharge (versus time) profiles, especially when the
current rate functions during the cycle are analytically defined.

2.3 The corrosion and electrochemical behavior of lead
in the lead acid battery
2.3.1 A general perspective on lead corrosion
The three main uses of lead as a corrosion - resistant material in
contact with the sulphuric acid electrolyte of the lead-acid battery can be
identified as: (1) the construction of equipment for the Chemical Industry;
(2) as anodes in electrolytic processes (e.g., electrowinning and
electrorefining); (3) as the support grids in the lead storage battery [10]. The
largest single use of both primary and recycled lead is in the lead-acid
battery where economic and technological pressures have ensured continued
alloy development as reflected in the electrochemical literature.
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physical and mechanical properties shown in its structure and chemistry, as
well as the electrochemical factors which need to be considered when it
reacts with the corrosive environment; the influence and concentration of
impurities in the service environment are also important, but these have
often not been fully investigated. Lead relies for its protection on the
formation of a passive film of lead sulphate or lead dioxide. Therefore the
morphology of the film is crucial in the determination of the operating life of
a component. The morphological changes and the mode of corrosive attack
involve a complex interaction of a number of variables; operating potential,
alloy composition and grain size, casting defects and segregation, adsorption
of electro active species, and mechanical erosion effects.

An interesting corollary is that although the lead-acid battery has
been widely used for many years, it is only recently that the electrochemical
mechanisms associated with the major phase changes on lead electrode have
been elucidated. This may seem surprising since lead sulphate and both
polymorphic forms of lead dioxide are found in the active material of the
lead-acid cell and as corrosion products on lead; the p-form is the low
pressure form with a tetragonal rutile type structure produced from PbS04
during battery cycling, while the a-form, not found in nature, has the
orthorhombic structure of columbine. The apparent lag in our knowledge has
had to await the result of developments in instrumentation

and
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electrocrystallization theory. Potentiostatic investigation and corrosion tests
have become more widespread and allow statistically designed experiments
to be used in alloy assessment with development of predictions form life test
data.

There is a substantial catalogue of diagnostic information on the type
of corrosion and corrosion products produced by lead and its alloys.
However, the selection of a particular alloy for an application is found not
only on the anticipated corrosion resistance but also on past experience and
economic factors, including the ease of fabrication. The general trend has
been towards decreasing alloying additions, perhaps a reflection on the
acceptable corrosion properties of pure lead.
The requirements for a
negligible open-circuit capacity loss, a low or maintenance-free battery with
a higher energy density and the use of thinner plates, has been an
inducement to industry to develop even lower antimonial alloys and
alternative fabrication techniques. The late 1960's and early 1970's have
seen the increasing use of low concentration antimonial alloys with selenium
as a grain-refining element, and there is continuing interest in alloys
containing alkaline earth elements. The use of antimonial lead as the grid
alloy in the lead-acid battery is based both on technological considerations
and the substantial quantity of recycled lead; this has in part been a factor in
the relatively slow introduction of non-antimonial alloys, although problems
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of charge acceptance, shedding of positive material and strength of the grids
produced by the newer fabrication techniques should not be underestimated.
There is a predominance of information in the electrochemical
literature on the initial film formation process without later consideration of
the substantial corrosion film growth. Even reported testing of alloys is often
limited to hours or often days, whereas in practice the Ufe of lead
components is measured in years; thus there in an excessive reliance on test
house observations of simulated service conditions. Accelerated tests
involving high potential, but probably more typically high current densities,
or extensive potentiodynamic sweeps from extreme anodic to cathodic
regions, may not reflect operating conditions. There is therefore a need for
simple laboratory schedules, extending over a few weeks or months, which
anticipate longer effects at constant potential, cycling and open-circuit stand;
the tests should also discriminate between changes induced in alloy structure
as the result of additions, fabrication or heat treatment. In apparent contrast
to other industries one cannot readily turn to tables of lead alloy corrosion
data and obtain predicted corrosion or penetration rates in mm year"\ The
reason is partially to be found in the nature of lead as an element with its low
creep resistance since this requires the alloying additions to provide strength
and these may adversely affect the corrosion resistance. Also during service
life, the alloy in the electrode or battery plate, will be required to operate at a
number of different potentials depending on the length of time the system
20
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remains on electrolysis or open-circuit stand; the battery may also operate
under float or over-charge conditions as well as discharge. The subject is
therefore complex involving electrochemistry, metallurgy and morphological
changes.

2.3.2 Thermodynamic predictions of lead corrosion

The corrosion behavior of lead in a particular environment may be
predicted from the energy changes associated with the probable reactions.
The combined result of electrochemical potential and pH for lead have been
summarized in the well-known Pourbaix Diagrams. Figure 2.4 [10] shows
the predicted regions of thermodynamically stable species of lead for the
aqueous system in the presence of sulphate ions, pertaining to the lead-acid
cell

environment.

Including

the

basic

sulphates

Pb0PbS04,

3Pb0 PbS04 H20 and Pb304, the thermodynamic diagrams are based on
equilibrium conditions and predict spontaneous reactions; the corrosion
product composition and environment changes may prevent or decrease
corrosion.

A more realistic model of the corrosion product layer formed on lead
has been proposed by both Ruetschi [11, 12] and Burbank [12] as shown in
Figures 2.5, 2.6 and 2.7. The corrosion models are consistent with the
previous thermodynamic diagrams, but with the compounds largely
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Fig. 2.4 Potential - pH diagram of Pb/HsO/SO/' system at
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Fig. 2.5 Schematic representation of tine passivation film tliat
forms on the lead surface during anodic corrosion.
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Fig. 2.6

Representation of the multi - phase corrosion layer
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confirmed by experimental data obtained from X - ray and electron
diffraction studies on specimens corroded at different potentials and pH as
well as indicating the composition of the corrosion product film. The data
also account for the redox reactions occurring during film formation and
discharge of lead dioxide. Electrochemically these may be observed as either
current maxima during a potentiodynamic sweep[14, 15, 16] or as potential
plateau during constant current experiments[17, 18].
Due to the enormous variability of potential and pH gradients within
the interior of the corrosive film and the diffusion potential [12] of
participating ionic species {SO/',

PbOH^ Pb^^ etc.)[17, 19, 20]

as well as the possible solid-phase PbOa discharge reaction (Pb02 + Pb >
2PbO) [21, 22, 23, 24, 25], it is not surprising to find an abundance of
literature devoted solely to the stoichiometry of lead oxide and sulphate and
the multiphase nature of anodic corrosion films. Major contributions to the
understanding of these mechanisms have been made by Ruetschi [11, 26],
Pavlov [17, 18, 27, 28, 29, 30] and more recently by Bullock [25, 31].
However, the major limitation of this approach is that the equilibrium
figures and corrosion models do not contain kinetic information and
therefore cannot be used to predict corrosion rates. Nevertheless, a
knowledge of the equilibrium conditions required for the formation of the
compounds found in the corrosion product layer is a necessary background
for the understanding of the corrosion kinetics.
26
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2.3.3 Electrochemical corrosion kinetics on lead
in sulphuric acid solutions
2.3.3.1 Theory and mechanisms of the anodic
oxidation of lead
A few of the most important works on the anodic corrosion of lead
have been obtained using simple constant current apparatus, the
galvanostatic technique [17, 26, 32, 33]. Provided the current remains
steady, then the length of the time-potential plateau enables the amount of
corrosion product to be computed by Faraday's Laws. Potentiostatic
techniques, however, provide more detailed information on the ratecontrolling mechanisms and the current-time transients obtained can now be
interpreted on an electrocrystaUization kinetic basis [10, 34, 35].
Up to this day, the use of constant potential measurements has been
quite extended in corrosion studies on lead, because the technique offers
many advantages in both theoretical investigations and practical alloy
development. These advantages are well-illustrated in the much quoted data
of Lander [24] obtained during his studies on lead and reported in the 1950s
when observing the weight loss for different sulphuric acid concentrations.
The influence of potential and corrosion film composition can be seen [22,
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23, 24], establishing corrosion rate maxima, first at 0.98 V and a second
smaller peak at 1.075 V versus Hg/Hg2S04 for 30 % sulphuric acid (Figure
2.8) [8], and an anodic corrosion minimum region around 1.35 V for 40%
H2SO4 as shown in Figure 2.9 [8], while this set of results maintained the
maximum at 1.0 V versus Hg/Hg2S04.
A more preferred presentation of the quasi-steady-state corrosion
current after 24 hours under potentiostatic control was given by Ruetshi and
Angstadt [11] and only a single peak at 1.10 V was observed, on leadcalcium alloy specimens. By monitoring the current-time transients which
precede the steady-state conditions, these workers and others substantiate the
notion of the electrocrystallization processes associated with initial film
formation and subsequent film growth. It is generally accepted in the
literature [11, 13, 17, 25, 27, 28, 29, 30, 36] that the corrosion film
formation process conforms to the following scheme: at all potentials an
outer layer of lead sulphate is first formed; further oxidation of the
underlying metal produces tetragonal lead oxide, basic lead sulphates and alead dioxide, and at higher potentials the outer sulphate layers are converted
to p-lead dioxide (Figure 2.10) [8].
Therefore, according to the previously cited hterature and Figure 2.11
10], corrosion film formation, growth and composition can be explained on
the basis of the following detailed analysis: the anodic dissolution of lead
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Fig. 2.10

Models schematically illustrating the progressive growth
and composition of an anodic deposit on lead in H2SO4
solutions following formation of a thick lead sulphate
layer.
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should be considered in four distinct potential regions (Figure 2.11) [10].
The first, typically from -700 mV to -200 mV versus Hg/Hg2S04, involves
the formation of lead sulphate by the classic dissolution- precipitation
mechanism. From -200 mV to +695 mV, the second region, rate of corrosion
increases with potential, the film thickening by formation of tetragonal lead
oxide and basic lead sulphates, both underneath and within the pores
between the initial crystalline lead sulphate film; the crystal size, typically
0.1-10 jim, of the lead sulphate decreases with increase in potential. The
film thickness and its morphology also determines the pH of the interior and
since analysis shows the presence of lead oxide, a pH of 9.34 is anticipated.
A diffusion potential based on this interior pH with an external bulk acid
concentration of pH = 0, has been calculated at 535 mV. On this basis
Ruetschi has introduced the concept of the lead sulphate behaving as a
membrane permeable to H^ or OH' but essentially non-permeable to S04^",
HSO4'

and Pb^^. The second region in Figure 2.11 with its restricted acid

diffusion also involves the limited formation of a-Pb02 presumably from
the oxide PbO, PbOx or basic lead sulphate. The upper hmit of the second
region, observed by Lander as his first maximum, is followed by a shght
decrease in the corrosion rate between -h850 mV and +965 mV. This may
indicate a maximum in the amount of a-Pb02 present in the lowconductivity oxide-sulphate layer. Traditionally, these first two potential
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regions have been considered as passive, due to the protective lead sulphate,
as indicated by the almost vertical potential-current curve; however, the
changing composition in the lead oxide region is more typical of a prepassive film formation. These observations are not as apparent if cychc
voltammetry is used as the sole electrochemical technique [15, 16]. True
passivity, involving the formation of an electronically conducting film of aPb02 produced directly from lead, occurs in the third and fourth potential
regions above 650 mV. This reaction has been documented by many workers
and is normally seen as a peak between 965 mV and 1165 mV, depending on
acid concentration; this corresponds to the second and smaller maximum
observed by Lander. Above 1105 mV, p-Pb02 is produced by oxidation of
lead sulphate and basic lead sulphates. This final solid phase change is
followed by oxygen evolution in the transpassive region and the corrosion
increases rapidly with potential.

This section on the kinetics of the corrosion of lead has illustrated a
number of factors capable of influencing and more importantly, in assessing
corrosion behaviour in sulphuric acid solutions. Particularly under applied
potential conditions which simulate the cell electrolysis or overcharge of a
battery positive plate, the important factor seems to be the retention of a
coherent film of a-Pb02 in maximizing its corrosion resistance. In the
absence of cracks or pores through this, the corrosion rate is apparently
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controlled by a solid-state diffusion process. But it must be emphasized here,
that the composition of the alloy determines the structure of the dioxide
substrate and consequently its potential stabihty against corrosive attack.
The composition and morphology of the corrosion product film, the ratios of
lead sulphate, a-, p- lead dioxide, obviously play a crucial, but as yet a
rather ill-defined role in protecting the underlying metal. Moreover, the
effects of selected phases leaching from the alloy in the above corrosion
mechanisms and the chemical role of certain elements and their influence in
the modification of the lead dioxide film, are far from fully understood.

Last, but not least, the effects of metallurgical factors such as grain
size, grain boundary composition and related problems of corrosion
resistance of intermetallic compounds and eutectic compositions, become
increasingly important in estimating and, if possible, controUing the Ufe of
the component. Corrosion rate also depends on the sulphuric acid
concentration and temperature.

When Lander [24] performed his early corrosion measurements by
means of weight loss under various electrolyte concentrations and
temperatures he stated that, from his data, it was apparent that increase in
temperature and decrease in concentration both appreciably increase the rate
of attack. On this basis, he postulated that the water molecule itself could be
the attacking agent on the lead surface, observing that when the weight loss
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for 4 and 7 hours for electrolyte concentrations in the 10-50 wt. % range at
o

30 C were plotted against the square of the activity of water, an
approximately linear relationship was found (Figure 2.12) [9].
The results of recent investigations [37, 38] are consistent with the
above trend where the oxidation of the lead sulphate film to lead dioxide has
been found to depend on the concentration of the sulphuric acid solution in a
range of concentrations up to 5 M. The anodic peak currents during voltage
steps at a constant overpotential against the PbS04/Pb02 equilibrium
potential were measured, with the highest peak observed at a concentration
of 0.5 M (Figure 2.13) [9]. The mechanism of the dissolution - precipitation
of the interior of the film is confirmed, where the following expression for
the anodic current is satisfied; the concentration factors being dependent on
the sulphuric acid concentration [37].

2.3.3.2 IVIathematical models for the corrosion rate of lead
From as early as Lander's experiments there have been attempts to
mathematically formulate the phenomenological time dependence of lead
weight loss. Indeed, in his case [24] when the weight-loss verse time data
were approximately hnear after about two to five hours, the slopes
varied from about 0.90 at high potentials to about 0.55 at low potential
(Figure 2.14) [8]. Thus the relationship between weight-loss and time is
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approximately described by the equation W = c • t", where n takes on values
of 0.55 to 0.90 under the various conditions and c also takes on different
values depending on conditions.
Weininger and Siwek [39] in a much more recent investigation on
Pb/Sb, Pb/Ca and Pb/Ca/Sn alloys, fitted their potentiostatic corrosion data
by a linear equation Ay = k + mt and by an exponential equation Ay = k' • t"^,
where Ay, the thickness of the oxide layer, t, the time and m, k, k', x are
constants dependent on the alloy type and conditions.
Logarithmic equations of weight-loss versus time usually represent
the initial stages of reaction or a low activation process, whereas a parabolic
rate indicates that the corrosion is either controlled by diffusion through the
film or that the growth is limited by the conductivity of the electrolyte in the
pores and electronic conductivity of the film. A linear relationship would be
expected only if the reaction rate of the metal surface was controlling and
diffusion played Httle part in the process, i.e. a constant rate of growth [10].
However, in a more comprehensive work, Pavlov and Rogachev [40],
using a constant current technique conceived lead oxidation as proceeding in
two stages. The first-non-stationary (Atn) spreads over the initial 24 hours,
during which stages the rate of oxidation changes continuously. The second
stage is stationary and the quantity of oxidized lead AG increases linearly
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with time. During this stage the following equation holds:
AG = Go + Vt

( for t > 24h )

(2.5)

where Go, a constant that varies between 1.5 and 5.3x10'^ g (Pb02) cm"^ and
V is the stationary rate of lead oxidation, that depends on the potential,
temperature and kind of additives in the lead alloy. These workers also noted
that the dependence of AG on time during the non-stationary period was
found to be expressed by an experimental equation (AG = kt"") whereby for
lead x = 0.47. this value coincides with the one of x for lead - 0.07 %
calcium alloy established by Weininger and Siwek [39].

2.3.4 The Electrochemistry of Lead in Sulphuric Acid
The imphcations for lead-acid cell technology from the advances in
theoretically elucidating the mechanisms and kinetics of the complex and
thus obscure processes taking place on both positive and negative plates of
the cell cannot be overestimated. This enormous interest has prompted
electrochemical study of the lead-sulphuric acid system for the last forty
years, but many subjects still remain controversial.
From the abundance of literature available, it is evident that there is a
natural division of this subject into the study of two distinct systems: the
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lead-lead sulphate and the lead-lead dioxide electrodes, reflecting the
fundamental negative and positive plate processes, respectively.
As stated earlier, in order to characterize and predict the
electrochemical behavior of the such complicated porous structures, a
number of physical parameters must be determined separately: porosity,
surface area, pore size distribution, electrolyte conductivity and viscosity as
a function of concentration, solubility and diffusion coefficient of lead
sulphate, electrochemical rate constants, transfer coefficients, ohmic
resistivity of grids and active materials, and ohmic losses at the solid-solid
and soUd-hquid interfaces [9]. Nevertheless, in spite of the sophistication
required for a complete analysis of the electrode processes, an understanding
of the elementary mechanistic steps of the lead reactions remains of primary
importance.
It is more generally agreed upon today that the basic electrode
processes on the positive and the negative electrodes involve a dissolutionprecipitation mechanism, and not some sort of solid-state ion transport and
film formation mechanism [9, 10, 11, 35, 41, 42, 43]. Thus, during discharge
of a lead electrode in sulphuric acid, the reactions are:Pb ^ Pb^"" (in solution) + 2e"
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and

Pb^-" + S04^-

PbS04 (cryst.)

In this sense, discharge and charge of lead electrodes may be
considered as anodic dissolution into, and cathodic electroplating out of
dilute lead ion solutions, respectively.

Also for the lead dioxide electrode the discharge reaction proceeds
via dissolution-precipitation, the process may be described by the equations:

Pb02 +

+ 2e" -> Pb^^ +2H2O

Pb^^ + S04^" ^ PbS04

It has been proposed that the detailed discharge mechanism may be
more complicated than formulated above and may involve further complex
intermediates of 2- and 4- valent lead [8, 11, 20, 44].

The existing knowledge on the electrochemical behavior of lead in
sulphuric acid has been largely extended due to the aid of transient
electrochemical techniques such as potential step chrono-amperometry and
linear sweep and cyclic voltammetry on stationary disc electrodes or rotating
ring-disc electrodes. However, due to the variety of modes in electrode
pretreatment and conditioning, of voltage stand duration, the variability of
voltage sweep limits, sweep rates and acid concentrations, as well as the
alteration of electrode properties on successive cycling, a profusion of data
43
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has been produced, representing the electrode processes with numerous
potentiodynamic features [14 - 16, 41, 45 - 54]. These certainly reflect the
complexity of lead electrochemistry. Moreover, the chemical identification
of the observed current peaks and related features in terms of species
involved and mechanistic analysis of the physico-chemical transformations,
has not been straightforward. To attempt to answer these questions, cyclic
voltammetry rehes on complementary data from sensitive instrumental
methods of analysis such as microprobe laser Raman spectroscopy, micro Xray [28] and electron diffraction [55]; the development of novel techniques
such as A.C. impedance methods [56, 57], cychc resistometry [58] as well as
the development of electrocrystallization [34, 35, 59, 60] to describe the
nucleation and growth processes of the sulphate and dioxide phases formed.
The cross-correlation of results from other electrochemical techniques such
as potential step techniques, has also helped elucidate the mechanistic aspect
of lead electrochemistry.

2.4 Grid alloy materials in lead acid battery
2.4.1 lead-antimony alloy system
Lead-antimony alloys have historically been the most common grid
alloy system, partially in automobile-type batteries. Antimony has typically
been alloyed with lead in amounts ranging from 4 to 12 wt. % Sb in battery
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alloys, with the average concentration tending to decrease in recent years.
PbSb is an eutectic alloy system and the microstructure of traditional battery
alloy compositions consists of a dendrite network of primary lead solid
solution surrounded by the eutectic phase mixture, the higher the Sb content,
the lower the melting point, and castability with decreasing temperature for
the lead-rich phase (from about 3.5 wt. % Sb at the eutectic temperature of
25TC to about 0.1 wt. % Sb at room temperature); an age-hardening
response is typically experienced after solidification of cast alloys [61 - 64],
corresponding to the precipitation of fine-scale (10^ to

plates/cm^)

particles of Sb on the Pb planes [65, 66]. The most desirable forms of this
general microstructure are those in which the dendritic primary solidification
structure is refined by the addition of alloying elements [67], or by
increasing the cooling rate from the melt [68]; the more finely divided
microstructures tend to yield more uniform grid corrosion behavior in
battery service, as well as having inherently greater mechanical strength. It
should be noted that when the Sb concentration is reduced below about 3.5
wt. %, as has been done much for application in so - called 'maintenancefree' or 'low maintenance' batteries, the eutectic reaction does not occur,
and only the simple precipitation situation exists.
Commercial Pb-Sb alloys currently utilize from 4 to 8 wt. % Sb, and
typically include small amounts of As (up to about 0.5 wt. %), Cu (up to
about 0.08 wt. %), and Sn (up to about 0.5 wt. %) [67, 68]. Arsenic is
45
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considered to refine the typical Pb-Sb eutectic microstructure [69],
promoting more uniform corrosion [70 - 72] and enhancing castability [67];
it also is said to increase the age-hardening response which occurs
subsequent to solidification [71 - 74]; arsenic has the undesirable side effect
of being toxic, with the possibility of arsine gas (AsHs) being formed during
service. Copper is also a grain refiner [67], and is said to improve the nature
of corrosion and castability [67, 75], and may tie up antimony and arsenic in
precipitates such as Cu2Sb and CusAs [76, 77]. Tin has been traditionally
added to Pb-Sb alloys to improve castability [65], and is considered to add a
favourable solid solution strengthening effect; however, it has been shown to
affect the aging response of cast alloys [78]. In respect of the corrosion and
electrochemical effect[79, 80], it has been proposed that tin improves the
character of the grid-active material interface, preventing formation of a
passivating barrier film [81]. A great number of possible alloying additions
to Pb-Sb alloys have been empirically evaluated, and several reviews of
these alloying effects have appeared [69, 70, 82]. In all cases of alloying
modifications to Pb-Sb alloys, the aim is to improve the grid alloy in one or
more of the following categories: (1) mechanical properties, (2) casting
abihty, (3) corrosion performance, (4) reduced self-discharge. While the
metallurgical aspects of grid alloying have been extensively studied, the
battery electrochemistry aspects of such alloying are not as well
characterized.
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The use of antimony in lead-acid grid alloys has decreased in recent
years due to certain undesirable electrochemical effects which are attributed
to it. Batteries with Pb-Sb alloy grids, by their basic electrochemical nature,
tend to have a relatively high overcharge current (the current passed by the
battery at the end of charge); this over-charge current is proportional to the
rate of water loss from the electrolyte via electrolysis. As a result of the
consequent 'gassing' of the electrolyte, at least two significant maintenancerelated requirements arise: (1) periodic replenishment of water to the
electrolyte is necessary (the familiar purpose of filler caps on traditional auto
batteries); (2) corrosion of top-of battery metal hardware (connectors and
terminals), due to the acidic fumes which are created by the gassing. A
further deleterious effect is that, in service, antimony tends to leach from the
grid alloy and migrate to the negative plate, where it lowers the hydrogen
overvoltage and leads to ' self-discharge' of the negative plate. Toxic stibine
gas (SbHa) may also be evolved during over-charge periods [82]. These
effects tend to increase with service (charge-discharge cycling and
temperature).
On the other hand, there are apparently significant beneficial
electrochemical aspects to the presence of Sb in the grid alloy, particularly
relating to positive plate performance [83, 84]. It has been suggested that Sb
may have a role which improves the electrochemical activity of the positive
active material. The presence of Sb also seems to improve the adhesion of
47
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active material to the grid [85] and the mechanical properties of the active
material mass [86]. At present, the mechanism of antimony migration from
the grid into the positive active material and subsequently to the negative
plate is still not fully understood, nor are some of the various effects on
positive plate performance.
Because of the undesirable effects of Pb-Sb alloy grids, two basic
engineering routes have been taken as alternatives. One approach is to
simply lower the Sb concentration in the grid alloy (to 3 wt. % or less); this
is the partial solution utilized in so-called 'low maintenance' batteries,
which exhibit reduced water refill requirements and less battery terminal and
connector corrosion. The other approach has been to eliminate Sb entirely,
by utilizing another alloy base, most commonly Pb-Ca. This avoids entirely
the deleterious Sb effects, but of course also eliminates the beneficial
aspects.
2.4.2 Lead-calcium alloy system
2.4.2.1 Lead-calcium binary alloy
Historically, lead-calcium alloys have been substituted for leadantimony alloys, particularly in certain battery applications [87 - 89] such as
standby service (submarine and telephone batteries) and more widely in socalled 'maintenance-free' automobile-type batteries [90]. Pb-Ca alloys have
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neither the unfavorable nor the favorable electrochemical features of
antimonial alloys. Therefore, their primary advantage is the elimination of
the deleterious effects of Sb, while their main disadvantage relates to an
inabihty to promote optimum active material performance. This problem
will be discussed in detail later on. Batteries with Pb-Ca grids can stand on
open circuit or on 'float' longer without the self-discharge problems of PbSb batteries, and therefore can be used in maintenance-free type batteries. At
a given float voltage (2.17V is common for 1.21 s.g.), the float current is
lower for a Pb-Ca alloy. They are inherently more conductive than Pb-Sb
alloys, which tends to improve battery efficiency in general, and raises the
so-called 'cold cranking rating' of a battery ( the current which a battery at
0°F (-17.8°C) can deliver for 30 seconds and maintain a voltage of at least
1.2 volts per cell).
Pb-Ca battery alloys derive from a precipitation-hardening region of
the phase diagram, with the maximum soUd solubility of Ca in Pb being 0.10
wt. % at the peritectic temperature of 328°C and diminishing to 0.01 wt. %
at room temperature. Storage battery alloys usually contain less than 0.08
wt. % Ca, in order to minimize a unique corrosion growth effect which is
related to the grain refining effect of Ca. The typical microstructure,
therefore, consists of essentially pure lead grains with a dispersion of PbsCa
particles. This dispersion is typically too small to be resolved by light
microscopy, but its presence is noticed indirectly by the irregular grain
49

Chapter 2

shapes. The distribution of the dispersion, of course, depends on the alloys,
which are typically cast into grids. The cooling rate from the melt is quite
important. A rapidly cooled alloy will spontaneously age-harden at room
temperature [89], or the age-hardening may be accelerated by increasing the
temperature above room temperature. From a fabrication standpoint, melt
fluidity is of importance in casting the typically very thin battery grids, but
the requisite melt superheat and mold pre-heating required for satisfactory
casting of Pb-Ca alloys are at odds with the desirability of rapid cooling to
obtain maximum age-hardening response. Pb-Ca alloys are typically softer
just after casting than Pb-Sb alloys, because they have not yet experienced
the age-hardening response that imparts most of their strength; this requires
more careful handhng of the as-cast Pb-Ca grids.
Pb-Ca alloys have a tendency to non-uniform corrosion due to
preferred grain boundary attack. This leads to a swelling effect in the
material due to growth of inter-granular corrosion products, and gives rise to
apparent 'growth' of grids in service; typically both the vertical and
horizontal dimensions of a grid increase and this effect is apparently a
conjoint action, i.e., affected by both corrosion (Figure 2.15) [86] and
mechanical stress. Also, creep-type deformation of the grid alloy is involved
[91 - 94]. The tensile strength of cast Pb-Ca alloy is much lower than that of
Pb-Sb battery alloy, being about 0.6 kg/mm^, vs. 2.0 kg/mm^ for Pb-Sb, after
5,000 hrs. performance at 20°C.
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Lead-acid standby batteries ( including telephone, submarine, and
load-leveling applications), which often employ Pb-Ca alloy grids, are
typically maintained in a fully charged state by 'floating' at a voltage slightly
above the open circuit potential. Under these conditions Pb02 is the
thermodynamically stable phase at the positive electrode, so that there is a
tendency for the grid to be corroded by oxidation to Pb02. Because the
specific volume of Pb02 is 21% greater than that of lead, the corrosion
product tends to induce stresses in the grid, particularly if the corrosion is
grain boundary localized, as for Pb-Ca grid alloys, and leads to grid growth
and active material cracking and shedding.

For this reason, grain size

control in Pb-Ca is quite important. Measures that have been introduced to
avoid the unfavourable effects of float service on Pb-Ca grids include (1)
operation at a shght ('trickle') discharge rate, with periodic recharges, to
avoid positive grid anodization, and (2) utilization of pure lead grids.

Another unique feature of Pb-Ca alloys is an apparent tendency to
corrode on deep discharge in such a way that recharging requires an
abnormally high applied voltage [95, 96]; this effect has been attributed to
formation of a passivating layer at the grid-active material interface [96 98].
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Fig. 2.15

Lead - calcium alloy : effect of grain size on rate
and depth of anodic attack.
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2.4.2.2 Lead-Calcium-tin-aluminium grid alloys

The aim of introducing extra elements to lead-calcium alloy in
general is to improve (1) mechanical properties, (2) casting abiUty (reduced
dross loss of calcium; increase melt fluidity), (3) reduced corrosion
('growth' of the positive plate) and (4) overcome the poor cycle life of
batteries (termed both 'antimony-free effect' and 'premature capacity loss').

The most common alloying addition to lead-calcium is tin, which is
added below its solubility hmit [99]. Favourable effects on the passivating
film aspect of lead-calcium grid corrosion are attributed to tin as well as
increased melt fluidity and improved strength. However, the most attractive
property of tin is its influence on the positive plates, i.e., suppression of the
passivation of the positive plate. Pavlov and co-workers [100] have made
great progress in the investigation of this phenomenon and a review has been
compiled recently by Culpin et al. [101]. A tin content of about 0.5 wt. %
has been normally used in lead-calcium alloys, but now 1-2 wt. % Sn is
preferred for cast grids. Prengaman [102] pointed out that lead-calcium
alloys with high tin contents were susceptible to severe penetrating corrosion
and, thus, could not be used effectively for thin grids.

The major problem with lead-calcium-tin alloys has been the loss of
calcium during processing. Low calcium produces very soft grids, changes
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the mode of calcium precipitation and produces penetrating corrosion. The
high calcium oxidation rate causes significant amounts of suspended calcium
oxide. Some of the latter is entrained in the grids and thus causes defects.
Since UPS and other VRLAs have relatively thin grids compared with
telephone batteries, control of the calcium content and reduction of the
casting defects is a major concern.
Modem lead-calcium alloys utihze aluminium to prevent calcium loss
during processing [103]. A process has been developed to introduce easily
the aluminium into lead-calcium alloys [104]. Once alloyed, aluminium
provides a protective oxide skin on the surface of the melt pot which
effectively prevents the loss of calcium. Approximately 0.01 to 0.03 wt. %
A1 is required to protect the calcium from oxidation; the actual amount
depends upon the rate of metal use and the agitation of the melt pot.
Aluminium additions also greatly decrease the amount of calcium oxides
suspended in the cast grids and, hence, the number of casting defects.
Finally, aluminium eliminates the need to monitor melt-pot composition for
lead, reduces dross generation, and permits lead-calcium-tin alloys with high
tin contents to be used for positive grids without the fear of potentially
severe penetrating corrosion.
Aluminium additions have a second function. Because aluminium
solubility in lead decreases as the lead temperature decreases, metallic
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aluminium particles can nucleate in the melt prior to solidification of the
lead-calcium alloys which act as nucleates to modify the large columnar
grain structure of cast Pb-Ca alloy [102]. Aluminium-containing alloys have
a smaller initial cast grain size and, thus, the final transformed grain size of
the casting is more uniform.
Despite the inherent defects on some aspects, lead-calcium-tinaluminium alloys have widely been employed nowadays in lead-acid
batteries as grid material with the composition:
Pb +(0.06-0.10)% Ca + (0.01-0.02) %A1 +(0.05-0.5) % Sn.

2.4.3 The role of selenium addition on grid alloy improvement
Selenium has long been used in low antimony grid alloys as a grain
size refiner. Bagshaw [4] investigated all the research work which had been
performed on the additives in Pb-Sb alloy system between 1960 -1993.
Table 2.2 shows the result that 8% of the total effort devoted to grain refining additions from 1960 - 1993 was put on selenium.
For further understanding of the function of selenium on lead grid
alloys, Gadallah studied the corrosion and electrochemical behavior of PbSe binary alloys ( 0.01 wt.%, 0.04 wt.% and 0.06 wt.% Se ). Moreover,
Pavlov investigated another system, Pb-Sn-0.03 wt.% Se alloys and reported
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that selenium has an anti - corrosion effect on the alloys. In all of the alloy
systems investigated, selenium was found to influence the properties of
alloys significantly and the extent depended on the percentage of selenium.

Table 2.2 Analysis of research and development, 1960-1993, of
grid alloys containing antimony (by Bagshaw).

Alloy

Effort (%)

Lead-antimony

27

Lead-antimony-arsenic

22

Lead-antimony-tin

22

Lead-antimony- silver

3.5

Lead-antimony-selenium

8

Lead-antimony-copper

5

Lead-antimony-sulfur

2.5

Lead-antimony-cadmium

5

Others

5

However, a more detailed review of the effects of selenium on the
mechanical, electrochemical as well as gassing characteristics of grid alloys
will be described in the subsequent chapters separately.
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Chapter 3 Experimental
3.1 Materials
A basic requirement in this investigation was a reliable grade of leadcalcium-tin-aluminium-selenium alloys. This was achieved by making alloys
from the same lead-calcium-tin-aluminium master alloy and varying the
selenium additions that formed the final alloys. High purity lead (99.9 wt. %,
bar) from BHP, selenium(99.999 wt. %, powder) from Aldrich Company,
tin(99.8 wt. %, pellet), calcium (99.5 wt. %, pellet) and aluminium (99.9 wt.
%, Pellet) all from P.R. China, were used for alloy and electrode
manufacture.
The sulphuric acid solutions used throughout the experiments were
prepared from concentrated sulphuric acid of 98 wt. % or 1.84 g/ml density
at 25 °C (a UNIVAR Analytical Reagent) which conformed to the following
maximum Umits of metallic impurities in wt. percent: As 0.000001, Pb
0.0001, Fe 0.00002, Hg 0.0000005. Dilution and other operations were
done with triply distilled water.

3.2 Specimen Preparation and experimental cell system
In order to cast the lead-calcium-tin-aluminium-selenium alloys and
prevent every component, especially calcium, from loss during the alloying
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procedure, a small vertical tube furnace and ceramic pots were prepared,
together with the gas tank which supplied argon protection, and a
thermocouple with digital read-out which measured the temperature in the
furnace.

The sample rod used as the working electrode in electrochemical
experiments was machined to a cyhnder of the desired diameter. As
represented in Figure 3.1, after being bent carefully, the cylindrical rod was
mounted into a clear epoxy-resin (Araldite) casing. Since good conductivity
between the electrode and the external circuit was imperative, a wire was
connected to the end of the rod on side by a bolt. However, the exposed
metal was covered with sealing-wax before the electrode was immersed into
the sulphuric acid electrolyte used during experiments.
Electrochemical techniques such as cychc voltammetry and anodic
polarization, were performed in the three compartment cell container
shown in Figure 3.2. A Hg/Hg2S04 electrode containing K2SO4 saturated
solution served as the reference electrode and was positioned between the
working electrode and the counter electrode. The counter electrode
consisted of a pure lead sheet, the area of which was about as large as ten
times that of the working electrode so as to ensure an even current
distribution on it.
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Fig. 3.1 Schematic diagrams of the electrochemical
experimental specimen preparation.

Reference electrode
Working electrode
Counter

ft

Fig. 3.2 Cell configuration for electrochemical experiments.
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3.3 Experimental Apparatus and Equipment
The microstructural analysis of polished specimens was carried out
by optical microscopy. Micrographs were taken using a Nikon-Optiphoto
camera (FX-35A). However, more detailed observation of passivated
surface morphology was conducted using a Leica/Cambridge stereoscan 440
scanning electron microscope (SEM) Unked with an energy dispersive
spectral analyzer. Tensile strength testing was carried out using a
Mechanical Testing Machine (Model-4302, UK) and measurements of
Vicker Hardness were performed on a Micro Hardness Testing instrument
(Leco M-400-HI, Japan).
The electrochemical Impedance Spectroscopy (EIS) of test electrodes
was examined by using the EG & G Princeton Applied Research Model
6310.
Other electrochemical experiments, such as polarization plot, were
all performed by using a Potentiostat (Model 362, EG&G Princeton Applied
Research, US), which was connected to a Mac Lab/8 interface and a
computer with chart v3.3 software.
The temperature during experiments was measured by immersing the
cell system in a water bath which was controlled by a heater-circulator.
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3.4 Sample Treatment
The sample electrodes previously described were not suitable for
experimentation without certain surface preparation or pre-treatment. In
fact, prior to every electrochemical experiment the electrodes were
subjected to a sequence of polishing, which has proven crucial to the results
shown [105].
Surface preparation for the purpose of metallographic analysis
consisted of: - (1) mechanical abrasion, (2) manual polishing, and (3)
chemical etching. Mechanical polishing was achieved by abrasion of the
electrode surface, with an automatic pohsher (Struers Abramin, Denmark),
on successively finer grade Si-C paper (500, 800, 1200 grit) up to the
desired smoothness, with water, blue lubricant or paraffin as a wetting
agent. After the last paper grade, mechanical poHshing was continued to
obtain improved finishes on rotating cloths (DP Pan Soft, OP-chemical and
3)1, Ijii, 0.06|LI) with red lubricant or OP-S suspension. Final poHshing
procedure was to rotate the electrode surface on soft cloth by hand using
OP-S as wetting agent. Etching was achieved by immersing the polishing
surface in the etching reagent (lOg ammonium molybdate, 25g citric acid,
lOOcm^ water) for 25 seconds. Tables 3.1 and 3.2 show the above procedure
for sample treatment. Ultrasonification was apphed to clean the surface
between polishing stages.
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Table 3.1 Mechanical polishing procedure for electrode
preparation.

Step

1

Base Si-C paper
Grade
500
Lubricant Water
Speed(rpm) 300
Load(N) 90
Time(s)
60

2
Si-C paper
800
Water
300
90
60

3

4

Si-C paper DP-Pan soft
1200
3|Lim
Blue
Red
300
150
90
120
60
120

Table 3.2 Ingredients of etching reagent.

Chemicals
Ammonium molybdate
Citric acid
H2O

Amount
10 (g)
25 (g)
100 (ml)

5

6

DP-Pan soft OP-S
l|Lim

Red
150
90
120

0.06|Lim

OP-S
150
60
120
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Chapter 4 Metallurgy, Structure and Mechanical properties
of Pb-Ca-Sn-Al alloy with selenium additions
4.1 Introduction
The function of a grid in the lead-acid battery plate is two fold: (1) to
collect the current and (2) to provide support for the active material (paste).
Some of the properties required of an adequately selected grid are: (1) low
material and processing costs, (2) adequate corrosion resistance, (3) good
coherence with the active material, (4) good mechanical properties, (5) good
castabihty and weldability, (6) good electrical conductivity. The structural
support function of a grid is particularly critical while lead as the principal
material of construction of the grid, over 99 wt. % in present experimental
alloys, is mechanically too weak in its pure form. Suitable alloying changes
the picture significantly, as exemplified by the wide use of lead-calcium and
lead-calcium-tin (aluminium) alloys [106, 107]. Castabihty also determines
the integrity of the alloy component, including minimizing defects due to
shrinkage, and resistance to distortion, particularly where high production
rates are required. Strength is required to facilitate handling during
processing as well as to retain the electrode structure during service. Most
Pb-Ca alloys undergo some form of age hardening due to precipitation
within the grain or at the grain boundary; alloying additions are therefore
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designed to promote the required precipitate of an intermetallic of known
composition or modify tlie grain size [108, 109, 110, 111, 112].
Selenium has long been used in low antimony alloys as a grain size
refiner since it can both improve castability and reduce the effect of
intergranular corrosion of the positive grid during actual battery operation.
Among all grain-refining additions, selenium is the most effective and the
most widely used.

4.2 Experimental Procedure
The composition of the Pb-Ca-Sn-Al alloy, as widely used in the
maintenance-free lead acid battery, was designated as Pb plus 0.1 wt. % Ca,
0.5 wt. % Sn and 0.01 wt. % Al. In order to dissolve aluminium in lead, SnA1 binary alloys with the ratio of 50:1 were prepared. The resulting alloy
was poured into ingots as a master alloy for preparing the cast grid alloy.
The total weight loss during the process was about 1 wt. % (both tin and
aluminium).
The master alloy, together with calcium was added to the molten lead
and then, the resulting Pb-Ca-Sn-Al alloy was divided into several parts. To
dissolve the selenium powder into liquid alloy , a special mesh container
was designed to hold the wrapped selenium powder until it was fully
dissolved in the molten alloy by stirring. The amounts of selenium in these
66
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alloys were 0.01 wt. %, 0.03 wt. %, 0.06 wt. % and 0.1 wt. % respectively
(Table 4.1).
Table 4.1 The composition of selenium in Pb-Ca-Sn-AI alloy.
Alloy

wt.% Be

Seooo
Seioo
Seaoo
Seeoo
Seiooo

0
0.01
0.03
0.06
0.10

According to Manders et al. [113], additions of grain refiners such as
selenium, increase the oxidation rate of liquid lead and, thereby, increase
dross formation. A solution for this problem, in this experiment, was to
reduce oxygen content in the furnace by applying protective gas, argon, on
the top of molten alloy.
All sample rods used in this study were obtained by manually casting
the liquid mixture at 450°C into a mould that was maintained at ambient
temperature and by quenching the strip with water immediately after
solidification. This treatment was carried out to optimize peak hardness
within a short aging time compared to air-cooled samples despite a sUght
decrease in hardness after a long-term of aging time [114]. The gravity cast
samples were aged for three weeks before testing to assure completion of
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any precipitation reactions which is similar to the method used by
Zhao[124].

The microstructures of cross sections of the cast alloys were
examined by optical microscopy. Measurements of Vickers hardness (lOg)
were also performed on these well-polished samples to get more accurate
results. Dumb-bell samples for tensile test were machined from cast rods.

4.3 Experimental Results

4.3.1 Effect of selenium addition on Optical Microstructures of

Pb-Ca-Sn-Al alloy

Observations of etched samples through an optical metallographic
microscope are shown in Figure 4.1 and Figure 4.2. Figure 4.1 represents a
gravity casting structure, typical of every sample investigated in this study
on which both casting axis and the columnar crystals can be found clearly.
Figure 4.2 (a-e) show the grain structures of Pb-Ca-Sn-Al alloy with
different percentage of selenium additions, 0.00 wt. %, 0.01 wt. %, 0.03 wt.
%, 0.06 wt. % and 0.1 wt. % respectively. It is noticeable that the Pb-Ca-SnA1 alloy containing no selenium exhibits more serrated and more winding
inter-crystalUne boundaries than the other alloys. However, incorporation of
a certain amount of selenium (i.e. 0.01 wt. % - 0.06 wt. %) results in smaller
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Fig. 4.1

A typical microstructure of gravity casting alloy (PbCa-Sn-AI-0.06 wt.% Se)(50x).

(a)

(b)
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(d)

(C)

(e)

Fig. 4.2

Microstructure of Pb-Ca-Sn-AI-Se alloys (100x) with
(a)O.OO wt. % Se (b)0.01 wt. % Se (c)0.03 wt. % Se
(d)0.06 wt. % Se (e)0.10 wt. % Se.
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crystal grains and narrower grain boundaries. The grains are more regular,
and the serration of the grain boundaries is much less pronounced or nonexistent. On the contrary, when the selenium content reaches 0.1 wt. % , the
crystal grains are very large compared to all the others, and the boundaries
are broad and deep (Figure 4.2 (e)) which is like the features of pure lead.

4.3.2 Effect of selenium addition on mechanical properties of
Pb-Ca-Sn-Al alloy
Figure 4.3 shows the changes in Vicker's hardness (lOg) for samples
Seooo - Seiooo- The hardness of alloys generally increases with more
selenium additions while the hardness of the alloy with 0.10 wt. % Se
decreased sharply. A similar situation is observed in tensile strength
measurement. Figure 4.4 shows the relationship of selenium content and
tensile strength which indicates that the tensile strength of the alloys reaches
a maximum between Seioo and Sesoo and then is reduced at selenium
compositions above about 0.05 wt. %. The results of mechanical testing
suggest that the addition of selenium can obviously influence the
mechanical properties of Pb-Ca-Sn-Al alloy by enhancing its hardness and
tensile strength up to selenium composition of about 0.05 wt. %, while extra
addition leads to a reduction in those measurements.
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Fig 4.3 The dependence of Vickers hardness on the content of
selenium in Pb-Ca-Sn-AI alloy.
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Fig. 4.4 The dependence of tensile strength on the content of
selenium in Pb-Ca-Sn-AI alloy.
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4.4 Discussion
Calcium has a very limited solid solubility in lead, amounting to
about 0.1. wt % (0.51 at. %) at the peritectic temperature. At room
temperature, the solid solubility only amounts to 0.01 wt. % (0.05 at %)
[110]. However, a compound is formed between the two elements which
has a composition of PbaCa and a melting point of about 660°C. The phase
diagram in Figure 4.5 [110] shows a peritectic transformation between lead
and PbsCa at 326.2°C, i.e., just above the melting point of lead. In the rapid
coohng conditions of grid casting , sohd solutions containing up to 0.1 wt.
% calcium can be obtained and after cooling, they age harden with
precipitation within the grains.
The melting points of tin and aluminium are about 470°C and 530°C,
respectively[110]. Since it is difficult to dissolve aluminium in lead alloys,
elaborate methods have been devised which include molten salt cover, fused
salt electrolysis, inert atmosphere, and floating dross cover. A convenient
way involves applying a commercially available Ca-Al master alloy for
alloying calcium and aluminium in lead, as proposed by Prengaman [115].
Recently, S. Zhong [6] reported a new method to solve the problem by
applying a Sn-Al master alloy in molten lead and a reliable result has been
achieved. Hence, this method was applied in the present experiments and
proved satisfactory.
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Adeva et al. [128] have investigated, by X-ray diffraction (XRD), the
Pb-rich corner of the Pb-Sn-Ca phase diagram up to 0.2 wt. % Ca and 3.0
wt. % Sn. Their method consisted of measuring the lattice parameter of the
a-Pb-face-centered cubic (f.c.c.) matrix. The quantity of any other phase in
equilibrium was too small to be analysed by XRD. The conclusion of this
work (Figure 4.6) was that three phases can be present, simultaneously, to
provide a constant lattice parameter of the a matrix. The other two phases,
according the phase diagram could be CaPbs and CaSng and were present
simultaneously. Prengaman [115] also described the Pb-rich corner of the
ternary Pb-Sn-Ca phase diagram (Figure 4.7) as a three phase domain,
connected with the a+CaPh^ border. In this opinion, the new phase forming
in the Pb-Ca-Sn alloy could be a single phase of Ca(Pb, Sn)3.

According to the Pb-Se phase diagram (Fig 4.8) [110], the Pb-Sb
system contains an intermediate phase, PbSe, which indicates that PbSe
compound could be formed in the Pb-PbSe region.

Besides that, according to Hume-Rothery's rule [117], if the atomic
radii of two elements are different by more than 15%, the sohd solubility of
one element in the other will be low. Only elements with similar atomic
radii will form extensive solid solutions. The radii of various metals taken
from Pauling [118, 119] are given in Table 4.2, where dashed lines are
drawn to include the elements whose radii are within 15% of that of lead.
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Fig 4.6 A schematic isothermal cut, at room temperature, of the PbSn-Ca phase diagram near the a-Pb matrix, according to the
predictions of Adeva et al.
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Fig 4.7 A schematic isothermal cut, at room temperature, of the PbSn-Ca phase diagram near the a-Pb matrix, according to the
predictions of Prengaman.
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On the other hand, according to Gordy [120], elements forming soHd
solution in one another must have values of electronegativity that are
similar. Electronegativity is represented by the symbol x and its unit is the
square root of electron volt per bond. Values for various elements are given
Table 4.2 Atomic radii of various elements.

Element

Radius (CN12)

Cu
Zn
As
Se
Al
Ag

1.276
1.379
1.390
1.400
1.429
1.442

Cd
Li
Hg
Sb
Mg
Te
Sn
In
Bi
T1
Pb
Na
Ca

1.534
1.549
1.570
1.590
1.598
1.600
1.620
1.660
1.700
1.712
1.746
1.896
1.970

Sr
Ba

2.148
2.215

in Table 4.3, where dashed lines are drawn to include these elements whose
electronegativity is within 0.4 units of that of lead. Within this band,
elements are likely to form solid solutions with lead while elements beyond
this band tend to form compounds with lead.
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The information in Table 4.2 and Table 4.3 indicates that tin should
form extensive solid solutions in lead. This is indeed the case, but binary
alloy of lead-tin is unlikely to be suitable for battery grids because the lack
of lattice distortion [121]. When inserted into lead, tin results in low
mechanical properties. However, the data also indicate that selenium and
calcium are likely to form compounds with lead, compound so formed that
will not enter the lead lattice will obviously influence the lead grains [121].
Table 4.3 Electronegativity of various elements.
Element

Electronegativity (x)

Se
Cu
Te
As

2.4
2.2
2.1
2

Ag
Sb
Bi
Sn
Al
Pb
In
T1
Mg
Zn
Cd

1.9
1.8
1.8
1.8
1.7
1.5
1.4
1.3
1.2
1.2
1.1

Hg
Ca
Sr
Li
Na
Ba

1
1
1
0.95
0.9
0.9

From Figure 4.2, a grain-refining function of selenium in the present
alloy system can be observed clearly where within a hmited range of
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concentrations, selenium results in finer grain size for Pb-Ca-Sn-Al alloy.
As previously described, selenium has long been used in Pb-Sb alloy system
as the most effective grain-refiner. The electronegativity of selenium is
quite different from that of lead and, as predicted from Table 4.3 as well as
Pb-Se binary phase diagram, a compound is formed between the two
elements with a composition of PbSe. During cooling, this compound
precipitates in molten alloy in a finely-divided form and acts as nuclei for
the crystaUizing Pb-Sb grains to give a fine-grain alloy and better
castability. A similar effect of selenium has also been observed by Pavlov
et al. [122] in Pb-Sn alloys where alloys containing selenium feature smaller
grains.
Since selenium and lead form a high melting-point compound of
PbSe (Tni=1076°C), the compound could be regarded as an impurity in the
molten alloy and, according to Delahay [123] alloying additions or
impurities tend to become segregated in the interdendritic channels of the
growing crystals, remaining entrapped there and at the crystal boundary
during final solidification. It is therefore reasonable to assume that the
effects from interdendritic structure and boundary segregation may be
minimized as the individual grains become smaller. However, the fact that
excessive selenium addition results in large dendritic crystals could be
probably explained by the excess of PbSe which is not well-distributed in
molten lead. Valeriote [113] pointed out that a proper amount of a grain
80
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refiner is soluble in lead at the melting point and precipitates on cooling and
aging as submicroscopic particles widely distributed throughout the lead
crystals or their boundaries. If more grain refiner is present, the excess
exists in the form of intermetallic particles and, on cooling, appears much
larger than the submicroscopic particles, responsible for the formation of
large dendritic crystals. In this case, when the amount of selenium is added
up to 0.1 wt. %, the excessive compound of PbSe precipitates into the large
dendritic crystal boundaries instead of forming interdendritic channels and,
during the cooling procedure, results in forming large dendritic structure.
This phenomenon is quite similar to the result of microstmcture
investigation on Pb-Ca-Sn-Al alloy with sodium additions [124]. Excessive
sodium (>0.77 wt. %) leads to large dendrite crystal grains.
Although the mechanism of the influence of different additives on
the physico-mechanical properties of lead alloys can be quite different, there
are some general principles that make it possible to classify the alloy
additives. The classification of minor additives, according to their effect on
the metallurgical properties, may be carried out on the basis of the theory of
crystal modification. In general, alloying elements that do not show any
influence on the structure of the alloy normally do not change their
mechanical properties significantly. As a rule, additives that regulate the
process of crystallization and cause marked dispersion of the grain
dimension, improve the mechanical properties of alloys.
81

Chapter 4

It is Still difficult to analyse the hardening and strengthening
mechanisms of the present five-element-alloy system due to its complexity,
but there are some well-estabhshed theories relating grain refinement to
metal physico-mechanical properties, although most of the theories were
established on single or duplex phase alloys. It has been widely accepted
that the tensile strength of alloys can be related to the grain size by the wellknown Hall-Petch relationship:
CfÇL) = ao(X) + k (X)d-1/2
where E is the tensile strength, Cf is the yield or flow stress, a is the lattice
friction stress, K is the Hall-Petch slope, and d is the grain diameter.
Another theory of Conrad is also related to the present results which
suggests that grain refinement strengthening follows the relationship p ~
1/d. The strengthening of alloy, p, and grain refinement, d, are connected
with the existence of grain boundary region with a higher dislocation
density. Grain refinement causes the volume fraction of the alloy occupied
by these regions to increase and therefore the material is strengthened.
Moreover, it has been estabUshed that the above explanation is valid both
for dispersion hardened alloys (Pb-Sb alloy system) and precipitation
hardened alloys (Pb-Ca alloy system) [125, 126]. The given relationships
between crystal size and enhancement of the alloys are qualitatively in
accordance with the present mechanical testing results which indicate that,
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in the present experiment, the changes of hardness and tensile strength
depend on differences in grain refinement rather than on other factors.

Chapter 5

CHAPTER 5
THE EFFECT OF SELENIUM ON THE
PASSIVATION AND CORROSION KINETICS
OF Pb-Ca-Sn-Al ALLOY

Chapter 5

Chapters The effect of selenium on the passivation and
corrosion kinetics of Pb-Ca-Sn-Al alloy
5.1 The effect of selenium addition on electrochemical
properties of lead alloys
Solid state processes at passive layers formed on lead in sulfuric acid
solution, have been studied extensively in recent years [127 - 130]. As
described previously, lead corrosion appears to be a rather complex
phenomenon as the structure and composition of films formed on alloy
surfaces depend on a large number of variables. Despite the great efforts
already made, the influence of different additives and of electrode potential
on the characteristics and properties of the passive film on lead and lead
alloys is still subject to discussion.
On the basis of X-ray diffraction and electrochemical measurements,
Pavlov [131, 132] suggested that the nature of the passive film formed on
lead electrodes in sulfuric acid solution can be separated into three distinct
potential regions. The passive layer formed at potential from -0.62 to -0.05
V (-0.97 to -0.40 V versus Hg/Hg2S04) consists of PbS04 crystals. The layer
produced from -0.05 to -Hi.30 v (-0.04 to 0.95 v versus Hg/Hg2S04 ) is
composed of PbS04 and an inner layer involving several basic lead
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compounds (mainly tetra - PbO and basic lead sulfates ), which builds up
regressively beneath the initial PbS04 porous layer structure. At potential
more positive than + 1.30 v (+ 0.95 v versus Hg/Hg2S04 ) a- and P-PbOs
become the predominant anodic oxide products. However, alloying
additives in pure lead, like most commercially established lead grid alloys,
tend to influence more or less, the potential or properties of the passivation
and corrosion behavior on lead. For example, tin, and as previously
described, calcium, are widely used as an alloying additives in lead alloys to
form casting maintenance - free lead acid battery grids. These alloy
additions not only significantly affect the casting and mechanical properties
of the alloys but also have a strong impact on the electrochemical processes
at the positive plate of the battery. For these reasons, the influence on the
electrochemical behavior of lead in Pb-Ca and Pb-Ca-Sn alloys in sulfuric
acid solution has been extensively studied [ 121, 133 - 135].
In a review of the role of selenium in battery manufacture, it was
found that most of established commercial alloys with selenium additions
have been appUed to battery straps and lugs. The U.S. patent 508125 [136],
as an example, described a lead strap alloy containing 2.5 to 3.5 wt. %
antimony, 0.01 to 0.5 wt. % arsenic, 0.01 to 0.5 wt. % tin, and 0.008 to 0.1
wt. % selenium, whereas selenium has a favourable effect on the long term
corrosion resistance of Pb-Sb-Sn-As alloy. For further understanding of the
function of selenium on lead grid alloys, Gadallah [137] studied the
86
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corrosion behavior of Pb-Se alloys (Se content: 0.00, 0.01, 0.04 and 0.06 wt.
%) under open circuit, potentiostatic and galvanostatic polarization in 5.0 M
H2SO4 solution. Selenium was found to shift the corrosion potential to more
negative values and increase the sulfation and self-discharge; the extent
being dependent on the percentage of selenium. However, the alloy
composition Pb-0.04 wt. % Se was found to be critical in many aspects. For
another system, Pb-Sn-0.03 wt. % Se alloys, Pavlov [122] reported that
selenium has an anti-corrosion effect on alloys by decreasing PbS04 crystal
size.
In present electrochemical studies, the concentration of selenium in
the samples ranged from 0.01 to 0.06 wt. %.

5.2

Experimental

5.2.1 Anodic polarization measurements
Anodic polarization measurements were performed at room
temperature and 50°C, respectively in sulfuric acid solution. Prior to the
experiments, the working electrode was polished on 1200 and 2400 grade
Si-C papers, rinsed with distilled water and then alcohol and finally airdried; electrolyte being de-oxygenated by bubbling with pure argon for
about two hours. Measurement was started after each working electrode was
held initially at a potential of -1.40v for 10 minutes. This treatment was
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used to reduce any surface oxide on the working electrode and to achieve a
reproducible working electrode surface . The potential was scanned from
open-circuit potential to +1.40v, which corresponds to the potential of the
oxygen evolution reaction, using a scan rate of 0.2 mv/s.

5.2.2 Cyclic voltammetry

In the study of cyclic voltammetric behavior of the alloy electrodes,
the electrodes were cycled between +0.90 v and +1.50 v at a rate of 10 mv/s
for 4h. This pretreatment aimed to develop a dense Pb02 coating on the
working electrode surface, and to allow the electrode reaction to reach a
steady state [137]. The sweep rate in these tests was kept constant
throughout at lOmv/s. This kept the potential dynamic response within the
quasi-reversible region.

5.2.3 Electrochemical Impedance Spectroscopy

The Electrochemical Impedance Spectroscope (EIS) experiments
were carried out at ambient conditions. Prior to experiments, each electrode
was polarized at a certain vohage in the passivity domain. Impedance
measurements started after a constant current was obtained which was
between 4 and 10 h (depending on the alloy composition). The impedance
data was collected as a function of frequency scanned from the highest (10
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kHz) to the lowest (5 mHz) value. Each scanned electrode was examined
by SEM to detect any changes on the passivating film.

5.2.4 Oxygen evolution measurement
Measurement of oxygen evolution at a given potential is complicated
by the accompanying oxidation of the electrode substrate to lead dioxide.
This necessitates the use of a potential-step procedure together with gas
collection. The former involved stepping the potential of the sample to a
given value and then holding for a given period. During this time, the
potential and the total delivered current were recorded. Simultaneously, the
gas evolved was collected by solution displacement in a 25 ml burette that
was located immediately above the working electrode. The whole
electrochemical cell used in this study is shown in Figure 5.1.
The oxygen evolution current density, io^, was calculated by the
following relationship
io, = [ 4FV(Patm - Pw) ] / [ lO'RTAt ]

( 5.1 )

where F = 96500 C mol"^ ( Faraday constant ); P^ = vapor pressure at
temperature T ( kpa ); V = gas volume collected in the burette ( ml ); R =
8.31 J-mol'^k'^ (gas constant); T = absolute temperature; A = electrode area
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Fig 5.1

Electrochemical cell used for oxygen evolution
measurement.
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(cm ) ; t = electrolysis period ( S ). In the present experiments, two or
more separate determinations on oxygen evolution volume were undertaken
at each potential and the average values are reported.

5.3 Electrochemical techniques in passivation and corrosion
research
5.3.1 Potentiostatic polarization measurement
Potentiostatic anodic polarization measurements have been
extensively and successfully utilised in studies of anodic reactions at the
electrode/electrolyte interface. Both the concept and predictions of lead
alloy corrosion resistance [138, 139, 140, 141] and the mechanism of the
oxidizing process [142, 143] are based on this type of experimental
measurement.
Potentiostatic polarisation methods may be conveniently divided into
two general classes: potential-step and potential-sweep. In the former
method, electrode potential is rapidly changed over a finite increment, and
current measured after a predetermined time interval. The latter method,
apphed in these experiments, is accomplished by continuously changing the
electrode potential at a constant rate, and simultaneously recording current.
Although its reproducibihty is sometimes low due to the non steady-state
conditions, automatic potential sweep techniques still yield the most
91

Chapter 5

reproducible results (but not necessarily the most accurate) because of the
high resolution offered by continuous recording. Hence, the potential-sweep
technique, sometime called potentiodynamic polarization, has been used
more and more in electrochemical and corrosion studies.
As described in the previous chapter, lead and its alloys, when
polarised in aqueous and acidic media, exhibit a phenomenon known as
passivity. The Stem diagram for a passivatable metal is shown in Figure 5.2.
It can be seen that the diagram may be separated into several regions. In the
active region, dissolution of metal as metal ions occurs. As the potential is
raised to the value Epp, the primary passivation potential, an oxide film can
form on the metal, the current drops to a very low value, ip, and the metal is
said to be passivated. As the potential is raised to very noble values, the
current again rises due to transpassivity. In this region, oxygen evolution
occurs together with breakdown of the oxide film, and metal corrosion
again occurs. In the passive region, the current and therefore the metal
dissolution rate is independent of potential.
The polarisation curve is affected by any change in the metal, the
solution pH or the temperature. This enables a comparison to be made for
different metals or for a given metal under different conditions.

5.3.2 Cyclic voltammetry technique
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Typical anodic dissolution behavior of an active-passive
metal.
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Cyclic voltammetry (CV) is a reversal technique based on linear
sweep voltammetry (LSV) where the applied electrode potential varies
linearly with time (a potential ramp function perturbation ) and the resulting
current response is recorded as a function of potential (or time) [144]. In
CV, a symmetrical triangular wave constitutes the applied potential signal,
as shown in Figure 5.3 (a), where the potential ramp, beginning at Ei, is
reversed at E;^. The resulting peak response of current versus potential is
known as a cychc voltanmiogram. The cyclic voltammogram shown in
Figure 5.3 (b) is typical of a chemically reversible redox process. In the case
of a reversible electrochemical reaction, the rate of electron transfer is
considerably faster than the chosen scan rate. In other words, a system may
exhibit reversible, quasi-reversible or totally irreversible behavior,
depending on the choice of scan rate [144, 145].
Tests for reversibility are provided by the dependence of peak
potential (Ep) and peak current (Ip) on scan rate (V), ratio of peak currents
(Ipa/Ipc),

and separation of peak potentials

(AEp = Epc-Epa).

The number of

electrons transferred is usually obtained from the difference between Ep and
Ep/2 [144-147].
The peaked current-potential curve like that depicted in Figure 5.3 is
explained as follows [144, 148]. Consider a solution containing initially
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Fig 5.3

(a) Cyclic potential sweep function, where Ex= reversal
(b)ldealized cyclic voltammogram for a chemically
reversible redox process.
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only species O and the initial electrode potential is Ej, where no electrode
reaction occurs when the cathodic potential sweep is commenced, only nonfaradaic currents (changing currents) flow for a short time. The reduction of
OtoR

O + ne

R

begins when the potential approaches the formal electrode potential of the
O/R redox couple (Eo) which is usually estimated from the point where the
anodic and cathodic currents are equal. The faradaic current starts to flow.
As the potential becomes more negative, the surface concentration of O
decreases due to the above reaction.. Hence, the flux to the surface increases
as a result of the steeper concentration gradient, and this is reflected in the
current increase. When the potential reaches Epc , the surface concentration
of

O drops to zero, and the current reaches a peak because there is a

maximum rate of mass transfer of O to the surface when the concentration
gradient is steepest. The current subsequently dechnes due to the depletion
effect.

When the potential is suddenly reversed to a positive direction at Ej^,
there is a high concentration of product R in the vicinity of the electrode.
As the anodic potential approaches Eo', the electrochemical balance at the
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surface is shifted in favor of O. Hence, product R is reoxidized to O and an
anodic current peak is observed for the same reasons as above.

5.3.3 Principle of Electrochemical Impedance Spectroscopy
The response of any conductive system to an electrical perturbation
of arbitrary form may be described by a transfer function
H(s) = V(s) / I(s)

(5.2)

Where s is the Laplace frequency, and V(s) and I(s) are the Laplace
transforms of the time-dependent voltage and current, respectively [149]. In
terms of the steady-state sinusoidal frequency domain, the transfer function
becomes
Ha(0) = F{V(t)}/F{I(t)} = Vûcû)/iac0)

(5.3)

Where F signifies the Fourier transform, and V(jco) and I(j(o) are the
sinusoidal voltage and current. Provided that the system is linear, causahty
is obeyed, and that the interface is stable over the time of sampling [149,
150], the transfer function may be identified as an impedance, Z(jco).
Because they are vector quantities, H(jcû) and Z(jco) are complex numbers
containing both magnitude and phase information. From a theoretical
viewpoint, the impedance (or, more generally, the transfer function) is one
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of the most important quantities that can be measured in electrochemistry
and corrosion science. This is because, if it is sampled over an infinite
bandwidth, the transfer function contains all the information that can be
obtained from the system by purely electrical means.

Since the impedance is a complex number, it is commonly written in
the form

Zaco) = Z ' - j Z "

where j =

(5.4)

and Z' and Z" are frequency-dependent real numbers,

which are related to the magnitude of the impedance and the phase by

Z(jco)|

tan(^ = - Z " / Z '

+

(5.5)

(5.6)

Where (|) is the phase angle. Alternatively, the complex impedance may be
expressed as equation (5.7)

Z(j(0)= iZld^

(5.7)

The equivalent mathematical forms of the complex impedance given
by equations (5.4) and (5.7) lead directly to the two conmion methods for
displaying impedance data; as -Z" vs. Z' (Nyquist or complex plane) and as
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log Z and (j) vs. log o) (Bode plane) plots. Each offers specific advantages;
the complex plane frequently is more useful for mechanistic analysis,
because the number of relaxations and their mechanistic implications (e.g.,
planar diffusion vs. pore diffusion) are often more apparent. On the other
hand, the Bode plane employs frequency directly as the independent
variable, so that more precise comparison between experimental and
calculated impedance spectra can be made. In the past hterature, different
authors have tended to emphasize one or the other forms of presenting
impedance data; in fact, both are useful and should be employed together in
any comprehensive impedance analysis.

Over the past decade, considerable advances have been made in
developing EIS as a powerful tool for the analysis of reaction mechanisms
in electrochemical systems. The power of EIS for this purpose stems from
the wide frequency range (e.g., < ImHz to > 1 MHz) that can be probed
using readily available instrumentation
mathematical

and from the

simplified

structure obtained by linearizing inherently nonlinear

electrochemical rate equations. In general, the precision that can be gained
using EIS for mechanistic analyses, compared with other electrochemical
techniques (e.g., potentiodynamic polarization, 'dc' polarization) [151], is
the most important advantage of impedance spectroscopy.

Chapter 5

5.4 Results and Discussion
5.4.1 The effect of selenium addition on the anodic polarization plots of
Pb-Ca-Sn-Al alloy
Potentiodynamic anodic polarization plots (E / I curves) for Pb-CaSn-Al alloy having different selenium concentrations in 1.28 sp. gr. H2SO4
solution at room temperature are shown in Figure 5.4, where a significant
effect of selenium is observed, especially, for alloys with 0.01 wt. % Se and
0.03 wt. % Se in the passive region from -0.20 to +1.30 v. In region I (-1.0 v
to Ec), namely the active region, the current increases due to the almost
reversible dissolution of Pb to Pb^"^ [152] until the maximum value of
current, critical current density and Ec, the critical passivation potential are
attained. It is observed that the additions of selenium both suppress ic and
shift Ec to more negative potentials subsequently in the order: Seooo> Seioo>
Se6oo>Se3oo. Thereafter, the current decreases rapidly to a more or less
minimum value for each curve which corresponds to the precipitation of
PbS04 on electrode surface and this value decreases with the additions of
selenium.
In the next region, PbS04 continues to form on the top and PbO
grows under the PbS04 layer [153, 154, 155, 156]. Hence, a two layer
structure Pb/Pb0/PbS04 has been formed. The current, ip, increases

Chapter 5

2.0
-Se100
-Se600
-SeOOO
Se300

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

E/V

Fig. 5.4 Anodic polarization plots at room temperature in 1.28
sp. gr. H2SO4 with sweep rate 0.2 mv / s.
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gradually until the onset of the reaction PbS04 - > Pb02 and oxygen
evolution. The stability of the passive film, as evaluated by the passive
current density, varies proportionally with selenium additions. It should be
mentioned that, despite the difference in temperature, the passive current for
samples Sesoo and Seioo is more independent of potential and noticeably
lower than that of Seooo- This result indicates that the selenium additions
could modify the structure and kinetics of the passivity behavior of Pb-CaSn-Al alloy. Pb02 formation occurs with more positive potentials while
selenium appears to influence oxygen evolution but without a noticeable
effect on the reaction mechanism. A similar effect was observed on the PbSe binary alloy electrode where an electrode containing 0.04 wt. % Se
showed the most stable passive film in H2SO4 solution at room temperature
[137].

Figure 5.5

shows the influence of temperature on anodic

polarization curves. The electrode without selenium addition seems more
susceptible to the effect of temperature, by accelerating the dissolution of
the passive film at higher temperature (increasing the passive current ),
especially in potential range from -0.90 v to -0.40 v which normally
represents the precipitation of PbS04.

All the samples show evident

increases on the critical current density ( ic ) at 50°C which corresponds to
the more dissolutions of Pb to Pb^"". However, the electrode Sesoo still has
the
102

lowest passive current with the applied polarization potential which
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Fig 5.5 Anodic polarization plots at 50°C in 1.28 sp. gr. H2SO4
with sweep rate 0.2 mv / s.
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means 0.03 wt. % selenium effectively increases the stability of the passive
film both at room temperature and 50°C.

5.4.2

The effect of selenium addition on cyclic voltammetry of

Pb-Ca-Sn-Al alloy

Fig 5.6(a) represents the cycHc voltammogram for Pb-Ca-Sn-Al alloy
without selenium addition in H2SO4 solution with the voltage range from 1.50 V to +1.80 V where all the redox reactions occurring on the alloys could
be included. Well-defined anodic and cathodic peaks corresponding to
oxidation and reduction process on the surface of electrode can be seen.
Almost the same voltammogram shape was obtained on the alloys with
selenium contents of 0.00, 0.01 and 0.06 wt. % because it is difficult to
detect the reaction of selenium from a cyclic voltammogram due to the
minor alloying amount. The potential sweep in the positive direction first
shows peak Ai at about -0.97 v corresponding to formation of a PbS04 layer
[157 - 160]. The next small peak appears at -0.732 v which represents the
growth of PbO beneath the PbS04 layer. However, the PbO peak was barely
observed due to insulating properties of PbO. Increased anodic current at
about +1.60 V signifies both oxidation of PbS04 to p-Pb02 [159 - 163]
which is the stable phase in acid solution and evolution of oxygen.
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The complexity of the voltammetric peaks in the early part of
reversed potential sweep is caused by simultaneous cathodic and anodic
reactions that occur in this potential range [164]. These are the PbOi
discharge (peak C4) and oxidation of the lead substrate and/or some
incompletely oxidized products of lead (Peak A4), because an anodic current
is not observed when Pb02 is reduced on an inert substrate [165]. In the
literature, the oxidation product has been suggested to be divalent [166,
167], trivalent [168] as well as tetravalent lead [169\

The potential and the current of cathodic peak C3 depend on the
polarization time. The longer the time of anodic polarization, the more
negative the potential of peak C3 is and the higher the peak becomes [170].
It is widely accepted [170 - 174] that peak C2 corresponds to the reduction
of tetra-PbO. Guo [175] has confirmed this by laser Raman scattering and
X-ray diffraction, recently. At lower potential, reduction of PbS04 occurs,
which is reflected in the cathodic peak C2. Finally, the reversed process
shows the cathodic peak of Ci which represents the reaction of hydrogen
evolution.
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Table

5.1

Typical

current

peaks

observed

on

cyclic

voltannmogram of Pb-Ca-Sn-AI-Se electrodes (A anodic, C - cathodic current).

Peak

Interpretation

A1

Formation of PbS04

A2

Formation of tetravalent oxides of Pb ( PbO )

A3

Oxidation of PbS04 to (B-PbOg

A4

Oxidation of matallic Pb substrate and/or incompletely
oxidized products of Pb

04

Reduction of Pb02

03

Reduction of tetravalent oxides of Pb

02

Reduction of PbS04 to Pb

01

Hydrogen evolution reaction
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Fig. 5.6 The typical cyclic voltammograms on experimental
alloys in the range of -1.55v to +1.80v.
(A) Sannple Seooo; (B) Sample Sesoo-
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By comparing the voltammograms of electrodes, it can be observed,
in figure 5.6(b) which is the cyclic voltammogram for the sample of Sesoo
under the same conditions, the peaks decrease due to the addition of
selenium. Both the anodic and cathodic current in the potential range of
passivity state, is greater on Seooo electrode than on Sesoo- Meanwhile, peak
A4, caused by the oxidation of the lead substrate during the initial cathodic
sweep, is hardly observed on

SQ^QQ

electrode but clearly on Seooo- This

presence could be explained by the effect of selenium on the passive layer.
As a result of the reduction of Pb02, the corrosion layer becomes thinner or
is partially destroyed, and the anodic reaction of lead oxidation is
accelerated at these places. The PbS04 layer is forming on the surface of the
discharging Pb02. Due to its perm-selectivity, the pH increases underneath
it and the conditions for the PbO formation are fulfilled. In this case, it
seems that alloying selenium may contribute corrodibihty of the Pb-Ca-SnA1 alloy by forming a more stable passive film on the attacked electrode
surface.
For further investigation of the positive electrode reaction, the
potential was set to sweep within the range +0.40 v to +1.40 v, thus cycling
around the Pb02/PbS04 equilibrium potential. Typical cyclic
voltammograms of the alloy electrode series taken for each of the electrodes
were subjected to the same cycling history under the previously described
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conditions, as represented in Figure 5.7. The anodic peak in Figure 5.7
corresponds to the oxidation of bi-valent lead species, principally PbS04 to
lead dioxide and conversely for the cathodic peak. It is also clear that the
oxidation products at the solid electrodes are stable solid crystalline phases,
as a result of precipitation electrocrystalUzation on to the sohd alloy
substrate [176, 177], hence the displayed redox conversion peak on these
voltammograms.
Due to the transitional nature of the interconversional
electrocrystalUzation, 'stabilization' [178] of the potentiodynamic sweep
response was not anticipated, but considered an innate characteristic of the
present approach. Electrode cycling history is estabUshed as a functional
parameter in these evaluations with the gradual build-up of anodic product
on successive cycles, and a corresponding increase in peak current values.
Pavlov [179] has reported that the development of the new phase of
lead dioxide by the eletro-oxidation of PbS04 required that centers of Pb02
were nucleated. The growth of these centers gives rise to an increasing
current, until the growing area overlapped and the current was reduced as
the available area becomes smaller with more cyclic attack. During the
cycUng procedure, it can be observed, for all the samples, that the values of
ip increase fast in the initial 100 cycles but change slowly thereafter. Results
from the collection of maximum peak current of Pb02 formation ,
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Fig. 5.7 Typical cyclic voltammogram for sample Seaoo alloy
from 1 to 150 cycles between +0.40 v to +1.40 v.
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Fig 5. 8 Maximum peak current values (imp) versus selenium
concentration, data from CV plot Fig. 5.7.
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ipm versus content of selenium is plotted in Figure 5.8 and is seen to vary
with alloy composition. A maximum stability to the successive anodic
attack with applied sweep potential ( low ip ) occurs at the alloy with
selenium content 0.03 wt. %. Generally speaking, a higher peak current
value indicates poor kinetics for the oxidation of PbS04 and therefore the
electrode is more susceptible to anodic attack. In this case, selenium
additions increase the stabihty of Pb-Ca-Sn-Al alloy in H2SO4 solution
during consecutive cychng operations within the anodic region. This
observation is consistent with the previous anodic polarization plot in
Figure 5.2.

5.4.3 The effect of selenium addition on the impedance measurements
of Pb-Ca-Sn-Al alloy
The impedance spectra were found to be strongly dependent on the
potential of passivating film formation and in this study, only two typical
anodic potentials in the passivity domain were taken into account.
Furthermore, three methods were applied to interpret the measurements:
(1) a simple plot treatment whereby mainly quahtative characteristics of the
impedance responses on testing electrodes are observed;
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(2) a treatment where equivalent circuits, having characteristics that agree
with those of the passivating layer as closely as possible are studied;

(3) a treatment of the elements of equivalent circuits which represent the
parameters of the passivating layer (thickness, resistance, etc.) using the
'Equivert'-fitting procedure.

Fig 5.9 shows the Nyquist plot of Re(Z) - Im(Z) (the imaginary part
of the complex impedance as a function of its real parts) performed on the
Pb-Ca-Sn-Al alloy electrode at +0.90 v where an oxide passive layer is
well-estabhshed anodically under the perm-selective PbS04 membrane. The
diagram which exhibits a capacitive contribution and a capacitative loop at
low frequencies.

Investigations on pure lead and some lead alloys in a H2SO4 solution
at this potential range have confirmed a composition of double layer
structure, PbS04 /oxide layer produced anodically (PbO and nonstoichiometric oxide PbOx), as described in the previous chapter. Varela et
al. [180] have found that the impedance exhibits a capacitative contribution
with two time constants. They further reported that the time constant at high
frequencies diminishes gradually with the decrease of the electrode potential
and almost disappears at potentials where the passive layer consists of a
species PbS04, and it was attributed to the oxide passive layer.
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Fig. 5.9 Nyquist plot for Pb-Ca-Sn-AI alloy at +0.9v in 1.28

sp.gr. H2SO4.

Fig. 5.10 The equivalent circuit fitting the Nyquist plot for PbCa-Sn-AI alloy in Fig. 5.9.
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Consequently, the capacitative loop at relative low frequencies was
associated with the outer PbS04 layer. Accordingly, the Nyquist plot for
Pb-Ca-Sn-Al alloy can be described by an equivalent circuit made up of Re,
representing the resistances of the electrolyte and the contact resistance
between the electrode substrate and the passive film, which should be a
purely ohmic resistance and time independent. Both the outer PbS04 layer
and inner oxide layer, in this case, can be correlated with a parallel circuit or
sub-circuit comprising a reaction resistance R, capacitance C as well as a
constant phase element Q (CPE) where Q is known as a general diffusion
related element encountered frequently in solid state electrochemistry. The
admittance representation of the CPE is given by
ECPE = ZOGCO)" = ZOCO"COS(N7I/2) + JZOCO^'SIN {mil)

(5.7)

Fig 5.10 illustrates the equivalent circuit used to be adopted here for
the analysis of the impedance data of the anodic film. Thereafter, the best fit
values of the equivalent circuit using the equivalent circuit fitting
programme (EQUIVCRT) and the close agreement between the
experimental points and the simulated curve as shown in Nyquist in Fig
5.11 demonstrates the capability of this analogue circuit to reflect
adequately the electrochemical properties of the investigated alloy.
The Nyquist plot obtained at +0.90 v for the alloy series with
different selenium contents is presented in Fig 5.12. Significant changes in
114
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the shape of impedance graphs, the sizes of the depressed semicircles as
well as in the frequency at which the Zi^ has its maximum value are
observed which indicate alloying selenium may markedly influence the
formation and structure of the anodic passive film on the surface of lead
alloys at this potential. However, in general comparison of the passive layer
resistance, the polarization resistance, Rp, described as the impedance value
when the frequency trends to zero is a consideration. For Pb-Ca-Sn-Al
alloy, the polarization resistance can be obtained by extrapolation of the
semicircle toward the real axis and, in this case, Rp could be considered
equal to the charge-transfer resistance. Ret, which characterizes the faradaic
process in the passive state. However, for the other selenium containing
alloys, the impedance spectra exhibit more complicated observations which
include a larger arc in the high frequency region followed by a linear part
being characterized as a Warburg impedance. Deviations of this kind,
usually referred to as frequency diffusion control, could be attributed, at
present measurement, to the presence of selenium in the passivating film.
An equivalent circuit fitting the results of Nyquist plots for the selenium
alloying electrodes is presented in Figure 5.13 where Ri stands for the
electrolyte resistance and some other time independent resistance with
ohmic property; R2 and R3 represent resistance of the outer and inner layer,
respectively. The best fitting parameters of the equivalent circuit elements
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Table 5.2

The fit parameters for sample Seooo obtained form
'Equivcrt'

computing program by using equivalent

circuit in Fig. 5.10.
Sample
SeOOO

Re (ohm)
4.661

R1 (ohm)
4.22E+04

0 1 (mho)
2.21 E-04

R2 (ohm)
1.67E+01

0 2 (mho)
2.73E-05

15000

12000 -

10000

15000

20000

25000

30000

Zre (ohms)

Fig. 5.11 Simulated and experimental Nyquist plots for Fig. 5.9
using the equivalent circuit shown in Fig. 5.10.
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Fig. 5.12 Nyquist plots for Pb-Ca-Sn-AI-Se alloy series at +0.9v in
1.28 sp.gr. H2SO4.

Fig. 5.13 The equivalent circuit fitting the Nyquist plots in
Fig. 5.12.
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described above are presented in Table 5.2 and 5.3. Figure 5.12 shows that
the radius increases on the impedance spectra of the alloys with selenium
additions which means that the charge transfer resistance increases due to
the existence of selenium or in other words, alloying selenium in Pb-Ca-SnA1 alloy may enhance the corrosion resistance properties of the passive
layers formed in H2SO4 solutions at this potential. As a more detailed
comparison, the charge-transfer resistance shows a maximum on the
electrode Sesoo and a minimum on the electrode Seooo- Therefore, the
dependence of the impedance value versus the selenium content in Pb-CaSn-Al alloy is in accordance with the previous electrochemical studies.
Table 5.3

Fit parameters of Pb-Ca-Sn-AI-Se electrodes
obtained from 'equivcrt' computing program.

w

Sample

R1
Q

Ql

n

R2
QxlO^

R3
KD

Q2
Q-^xlO^

n

Seioo

2.94

1.31

0.68

0.84

116

3.25

0.91

1.33

Sesoo

3.88

1.69

0.64

1.52

219

3.04

0.94

1.71

Seeoo

1.26

0.98

0.69

0.25

33.5

4.77

0.96

1.06

n-^xlO^

According to double layer theory, the higher resistance could be
mainly attributed to the insulating property of a PbO passive film generated
underneath the porous PbS04 perm-selective membrane. Pavlov et al. [122]
have determined that the presence of 300 ppm selenium in Pb-Sn alloy
could contribute to the formation of a thinner PbS04 passive layer and
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smaller size of crystals. Similar observations are illustrated in Figure 5.14
from the result of Scanning Electron Microscopy (SEM) investigations on
the present alloy series after all the cells were anodically polarized under the
same conditions as the EIS studies. By comparing the scanning electron
micrographs, it can be concluded that a more porous film and smaller
PbS04 crystal structure generate due to the presence of selenium in the
alloy. On the other hand, this result confirms the highly resistive property of
the PbO passive film forming on the selenium containing alloys.
Simultaneously, the phase versus frequency plots in Fig 5.15 show a marked
difference in the impedance characteristics of alloy Seooo and the other
alloys. This behavior, again, indicates the diffusion control at low
frequencies.
Figure 5.16 shows the Nyquist plots for the studied alloy series
corresponding to the impedance spectra after 4h of polarization at the
potential of +1.30 v. This is just above the Pb02/ PbS04 equilibrium, where
the passive film is broken and a new phase of Pb02 starts to grow due to the
oxidation of PbS04 and at the same time, the influence of oxygen evolution
is minimized compared to that of higher potential. Unlike the evident
diffusion control effect in the low frequency region at +0.90 v, the
impedance spectra at +1.30 v shows only one semicircle, and on the
contrary, the radius increases on the plots of the electrodes alloying with
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(a)

(b)
Fig. 5.14

Morphology of the passive films on investigated
electrodes by SEM, polarized at +0.90v in 1.28
sp.gr. H2SO4, (a) Pb-Ca-Sn-AI (b) Pb-Ca-Sn-AI0.03 wt. % Se.
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selenium. The shape of semicircle diagrams, thus obtained, consistent with
the theoretical model of (Zre-Rp/2)^ + Z^i^ = (Rp/i)^ indicates a mainly
capacitative control at the reaction interface. Since the purpose of the
present study at this potential is to characterize and compare the kinetics of
Pb02 conversion, emphasis is placed on the processes at the Pb/PbS04/Pb02
interface.
To interpret the impedance spectra, the general equivalent circuit
used for semiconductor electrodes with a constant phase element, Q (CPE)
added in order to take the transport process into account. Their impedance
can be described by a simpler equivalent circuit as shown in Figure 5.17. In
this circuit, the element Re stands for the electrolyte resistance as well as
some time independent resistance with ohmic properties and R1 is the
charge transfer resistance at the interface and CPE a generalised transport
impedance. The best fitting parameters of the equivalent circuit elements
obtained are listed in Table 5.4.
Table 5.4 Fit parameters of the equivalent circuit.

Sample

Re (ohm)

R1 (ohm)

Q1 (mho)

n

Seooo

3.782

1.48E+04

5.50E-04

0.9558

Seioo

3.625

1.09E+04

5.13E-04

0.9567

Seaoo

3.854

8.19E+03

6.28E-05

0.7521

Seeoo

3.974

1.06E+04

7.11 E-04

0.9624
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Fig. 5.16 Nyquist plots for Pb-Ca-Sn-AI-Se alloy series at
+1.30vin 1.28 sp.gr. H2SO4.
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Fig. 5.17 The equivalent circuit fitting the Nyquist plots
in Fig. 5.16.
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An example of calculated Nyquist diagram, is also presented in
Figure 5.18 as a test for the best-fit values. The values of Re were almost
constant both for the electrode Seooo and other electrodes. However, the
resistance and capacitance values presented in Table 5.3 correlated with the
solid state oxidation of Pb(II) to Pb(IV) in the anodic layer decrease in the
order: Seooo>Seioo==Se6oo>Se3oo. This result indicates that the presence of
selenium favours the soUd state oxidation of Pb(II) to Pb(IV) in anodic layer
by increasing its conductivity and thus transforming it into a conductor.
The duplex function of selenium performing on the formation of both
Pb/PbS04/Pb0 resistively passivating layer and Pb/PbOa highly conducting
layer could be attributed to the influence of selenium on the mechanism of
passivation behavior. It has been pointed out by Pavlov [181, 182] that the
PbS04 film on Pb acts as a permembrane which becomes impermeable to
so/", HSO4' and Pb^"^ when it has reached a thickness of 0.1-10|im. Only
migration and diffusion of the H"^ and OH" pass through the PbS04
intercrystalline space to carry the current. Therefore, underneath the
membrane, the pH increases and tetra-PbO passivation layer is stable at the
high value of pH at substrate/PbS04 interface, which is close to 9. The
alkalization of the interface is due to the diffusion of OH" through the
sulfate layer. Selenium has the property of thinning the PbS04 layer, which
acts as a semipermeable membrane, accelerating diffusion of the ions. In
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Simulated and experimental Nyquist plots for PbCa-Sn-AI alloy (sample

Seooo)

shown in Fig. 5.16.
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this case, the surrounding between alloy substrate and PbS04 layer could be
alkahsed and higher pH value enables better kinetics for PbO generation
underneath the PbS04 layer. Additionally, suitable additions of selenium
could modify the crystal size of the alloy, and therefore, minimize the
PbS04 crystal size during anodic polarization. Thus, more intercrystalline
space in the PbS04 layer also increases the H"^ and OH" migration and
contributes to the higher pH value at the interface.
At potentials above +1.0 v, the PbO of the layer is oxidized to nonstoichiometric PbO^ which behaves as a semiconductor [171, 183, 184;.
When the potential increases, x increases too and when the potential reaches
a critical value, a-Pb02 nucleation starts. a-Pb02 is stable in alkaline
environment, and therefore can be formed underneath the PbS04 permselective membrane. The presence of selenium, at the potential of +1.30 v,
increases the transformation kinetics from PbO to PbOx, then to a-Pb02 by
increasing in the bulk of the oxide under the action of O atoms and O
radicals which are products of oxygen evolution [185]. On the other hand, at
this potential, the oxygen evolution current could also have an effect on the
shape of the impedance capacitative loop.
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5.4.4 The effect of selenium addition on the oxygen evolution reaction
ofPb-Ca-Sn-Al alloy
The last reaction on the anodic electrode at the highest overvoltage
should be attributed to the oxygen evolution reaction. The oxygen-evolution
characteristics of lead alloys have been recognized as a very important
factor, since in the maintenance-free lead acid battery, the diffusion of
oxygen to the negative electrode and the subsequent rate of reduction of
water are both proportional to the oxygen-partial pressure [186 - 188]. In
general, a higher rate of oxygen evolution may be beneficial for the gassing
recombination reaction on negative plate.
The oxygen-evolution rate of the experimental electrodes depending
on oxygen collection measurement is plotted in Figure 5.19. The results
indicate that the rate of oxygen evolution is governed largely by the addition
of selenium which enhances oxygen evolution over the whole experimental
range compared to the electrode without selenium. Among those alloys,
Sesoo exhibits the highest oxygen-evolution rate. This observation is in
contrast with the result from the Pb-Se alloy system by the means
potentiostatic polarization plot but in accordance with the gassing
investigation by Maja et al.[189]. The same Pb-Ca-Sn-Al master alloy as
well as surface treatment prior to the test, is strongly related to the influence
of selenium on the electrode surface structure (grain size, grain boundary,
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etc.). In other words, this result confirms that alloying with 300 ppm
selenium shows the most obvious effect on the metallurgical as well as
electrochemical reactions for the Pb-Ca-Sn-Al alloy. Within the potential
range from 1.65v to 1.85v, the oxygen evolution rate increases in the order:
Seooo<Se6oo<Seioo<Se3oo.

Chapter 5

1.4

1.2
CM

+

'I
<

1.0

•K

0.8

O

SeOOO
SelOO
Se300
Se600

c

••e 0.6
o

CD
C

0.4

CD

0.2

0.0

1.75

1.80

1.85

Potential E / V

Fig. 5.19 Oxygen evolution rate of the experimental electrode
series, calculated by oxygen collection measurement.
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Chapter 6 The effect of selenium addition on the Hydrogen
evolution of Pb-Ca-Sn-Al alloy
6.1 The role of selenium on the hydrogen evolution reactions
It is well known that during the charging of lead acid batteries, the
conversion of lead sulfate to either lead dioxide or lead will commence at
the surface of the grid and then spread gradually out into the active material
[190, 191] which means the current concentrates on the grid during the
initial stages of the charging process. Following increase in the battery
voltage, the evolution of hydrogen on negatives (and oxygen at the
positives) will take place on the surface of both the active material and the
grid. This situation is commonly encountered when using a belt-pasting
procedure. The paste general covers one side (i.e. the upper) of the plate and
leaves the grid frame and wires exposed on the side facing the belt. For this
reason, investigation on gassing behaviour of bore grid alloys is of practical
importance. Therefore, materials which modify these processes must be
considered in detailed.
The effects exerted by the most common impurities in electrodes of
lead acid battery are already known, at least from the application viewpoint.
Vinal [192] and Dasoyan et al.[193] reported that the hydrogen evolution
rate is increased by contaminants with low hydrogen overpotential.
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Maja and Penazzi [189] investigated the effects of ten different
elements on the gassing behaviour of Pb-Ca-Sn alloy by means of
measuring the gas pressure in sealed vessels containing cycled, wet,
negative plates where impurities were present in the sponge lead. The
effects of the various impurities were evaluated by the value of parameters
KH/C, where KH is related to the rates of hydrogen evolution, while C is
the impurity concentration in the active material. Selenium exhibits the
strongest inhibiting action for hydrogen evolution as shown in Table 6.1.
Table 6.1

KHC (H2 evolution) values for negative plates cycled
in H2SO4 solution (containing 100 ppm of the
elements investigated).

Element

KHC

Co
Sb
As
Ni
Te

3.5
3.3
3
2
0.4

Sn
Cd
Bi
Cr
Se

-0.1
-0.25
-0.5
-1
-5.6

The study of kinetics of hydrogen evolution on Pb-Se casting alloys
from potentiostatic results revealed that hydrogen evolution overpotential
was minimized with selenium content. The influence on hydrogen evolution

Chapter 6

depends much on the percentage of selenium while the alloy encomposition
Pb-0.04 wt. % Se was found to be critical [137].

The aim of the present investigation was to compare the hydrogen
evolution properties and kinetics of various selenium containing electrodes.

6.2 Hydrogen evolution measurements

The techniques of linear sweep voltammetry and potential-step
polarization were employed with a lead auxihary and the Hg/Hg2S04
reference in the electrolytic cell. The specimens were thoroughly washed,
etched and polished in the same manner as previously described in the
experimental section with selenium contents of 0.00, 0.01, 0.03, and 0.06
wt. %. The working electrodes were cycled at a scan rate of 10 mv/s, over
the potential range of -1.20 v to -1.80 v versus Hg/Hg2S04, until constant
behaviour was estabhshed. This was achieved after around five consecutive
cycles. According to Fletcher, this procedure constitutes the reproducible
soHd lead electrode behaviour, the most vahd for interfacial kinetic studies
on the lead electrode [194]. The working electrode potential was then
scanned from -1.3 to -1.8v at a rate of O.lmv/s while the reverse scan at the
same sweep rate, served as a check of the reversibility of the electrode
processes and the success of the electrode cell conditioning procedure.
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The I-V curves obtained, which had the characteristics of a typical
gas evolution wave, represented the hydrogen reaction current density by
using the electrode geometric surface area.

6.3 Results and Discussion
The hydrogen reaction current density was plotted against the
corresponding overvoltage for each test specimen, respectively and using
discrete data points are presented collectively in Figure 6.1 for all the alloys.
The effect of selenium on the hydrogen overvoltage was also
evaluated by measuring the current density at a constant potential value of 1.70 V (data collected from linar sweep voltammetry curves) as well as by
measuring the voltage at a constant current density value of 3 mAcm" as a
function of selenium content. They are plotted in Figure 6.2 and Figure 6.3
respectively and once again, a similar trend with alloy selenium level is
observed. The maxima and minima in those plots occur at the same
selenium level. It is evident that selenium has a profound influence on the
hydrogen overpotential, and therefore the reaction kinetics.
A precise evaluation of the kinetic parameters for the hydrogen
evolution reaction was required to quantity the effect of selenium content on
the substrate alloy material. The current versus voltage curves generated in
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Fig. 6.1 Linear sweep voltammetry curves on the experimental
electrode series in hydrogen evolution domain in 1.28

sp.gr. H2SO4.
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Fig. 6.3 Variation of current density with selenium composition
at constant potential of -1.70v.
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Fig. 6.4

Tafel plots for hydrogen evolution reaction on
experimental alloy series in 1.28 sp.gr. H2SO4

Chapter 6

the linear sweep voltammetry were converted to overpotential versus log i
plots, as shown in Figure 6.4.
It can be seen from Figure 6.4 that the kinetics of the hydrogen
reaction are a function of the applied current density, in the sense that the
Tafel plots are not linear throughout the whole current density range
examined but exhibit an inflection that separates two distinct region, each
one conforming very well to linearity. A similar phenomenon has been
observed by Papageorgiou et al. in Pb-Bi alloys [195] and Lam et al. in PbCa-(Sn) alloy system [191].
This was experimentally proven for the hydrogen evolution reaction
on these metals under the same conditions and is probably due to a
difference in the effect of hydrogen adsorption among these substrates, as
well as being strongly affected by variable double layer structure that results
either from the formation of an oxide film on electrode surface or from the
adsorption of organic impurities. Therefore, for those curves that exhibit an
inflection, only the electrochemical parameters associated with highpotential range have been calculated and compared by Tafel equation. From
those plots, an obviously higher hydrogen evolution overpotential is found
on electrode Sesoo compared with other electrodes. The phenomenon relates
to the tendency of increasing or decreasing slope of the E versus log i curve
with increasing current density and furthermore, is attributed to a change in
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mechanism, of the influence of hydrogen evolution by alloying different
amounts of selenium in the Pb-Ca-Sn-Al alloy.
The quantitative evaluation of the kinetics of the electron transfer on
the electrode can be described by the following formulation [196]. For the
hydrogen reaction where no mass transfer effects are considered, the
electrode current is given by the Butler-Volmer equation

i=

-

(6.1)

At large negative overpotentials however:

exp(-anfri) »

exp[(l-a)nfr|]

and (6.2) is reduced to :

or

ri = (RT/anF) Inio - (RTanF) Ini

This is often presented as Tafel equation:

E - Eeq = Tj = a + blogi

(6.2)

where Eeq is the equilibrium potential under zero-current conditions, r| is the
overpotential.
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The empirical Tafel constants a (the intersection point at log i =0)
and b (the Tafel slope) are thus given by:
a = (2.3RT/anF) log I
= (0.0591/an) log io (25°C)

(6.3)

b = -2.3RT/anF
= -0.0591/an (25'C)

(6.4)

The Tafel form can be expected to hold whenever the back reaction
contributes less than 1% of the current or :
[e(l-«)nfnyg-anf7i ^ ^nfn < Q QJ
which imphes at 25°C that |r|| > 0.118/n volts. However, it is
experimentally confirmed that appreciable (lO'"^ A/cm^) hydrogen evolution
on lead occurs at potentials below -1.30 versus Hg/Hg2S04.
The logarithm of the exchange current density (log io) is given by:
logio=-a>a3

(6.5)
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In equations (6.3) to (6.5), n is number of moles of electrons involved into
the reaction (n= 1 for hydrogen-evolution reaction); a = transfer coefficient;
lo = exchange current density (Acm' ). The parameters F, R and T are the
same as those defined above for equation of the oxygen evolution rate
(equation 5.1).
The Tafel slope, b, and the exchange current density, io, are usually
taken to characterize the kinetics of the hydrogen evolution reaction. The
measurement of the exchange current density provides a general idea of the
reaction rate in the standard equilibrium state and, thereby, permits
classification of the electrode alloy upon which the reaction is occurring as
either a good or a bad electrocatalyst for hydrogen evolution. The Tafel
slope (or transfer coefficient) is a useful indication of the reaction
mechanism, but usually requires certain assumption (assuming a = 0.5) in
this study).
The values of the kinetic parameters characterizing the hydrogen
evolution reaction on electrodes with selenium content in the range from 0
to 600 ppm are given in Table 6.2.
The quantitative comparison between kinetic behavior of these
electrodes is realized through their Tafel parameters, namely b and log ioWithin the calculated current density range, the following trends are
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apparent: selenium addition results in a decrease in the value of log io as
well as an increase in slope b. Further comparison of the exchange-current
density shows that the electrocatalyhc activity for hydrogen evolution on
electrode increases in the order: Se3oo<Se6oo<Seioo<Seooo- This result is in
general accordance with the principle, that is the lower the exchange-current
density, the poorer the electrocatalyst of the hydrogen evolution reaction,
and vice versa [195].
Table 6.2 Tafel parameters for hydrogen-evolution reactions.

Alloy

SGOOO
Seioo
Sesoo
Seeoo

Tafel slope, b(V)
-0.1807
-0.1656
-0.1571
-0.1543

Log (io / A cm"^)
-5.527
-5.993
-6.967
-6.378

To understand the observed difference in hydrogen evolution rate due
to the different amount of selenium additions, it should be noted that, in
general, gassing reactions on metals are influenced by two factors: (1) the
inherent characteristics of the metal itself; these exert differing degrees of
interfacial dynamics on the charge-transfer level (for instance, the
hydrogen-evolution over potential is lower on nickel than on lead); (2) the
'effective' surface area of the metal; this is associated with the surface
structure (grain size, grain boundaries, etc.) the surface morphology
(roughness, defects, etc.) and pretreatment (manufacturing condition).
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Gadallah et al. [137] reported, as described previously, that the Pb-Se
alloys have higher hydrogen-evolution overpotential than the unalloyed
metal. Pavlov et al. [122] also reported the same quantitative result for PbSn-Se alloy system compared to Pb-Sn binary alloys. However the process
by which metallic additives influence hydrogen evolution rate cannot fully
explained in terms of the reaction overpotential.
A better understanding of the reaction mechanisms may be obtained
by taking into account the characteristics of the active center on which the
electrochemical reactions take place. In other words what is referred to as
the 'effective' surface area in the metal, one could suggest from the
experimental results that the elements acting as inhibitors of gassing
evolution exhibit a decreasing specific activity with an increasing impurity
level because some of the active centers on the alloy surface remain
uncontaminated. Conversely, the behavior of elements showing an initial
positive specific activity which then decreases with an increasing impurity
level, agrees with the idea that the number of new active centers increases
up to a limit beyond which the specific activity starts to decrease.
In order to discuss the relations between the hydrogen evolution
overvoltage and the microstructure of the alloys, it is necessary to know
how the overvoltage is affected by the nature of the electrode. There is a
general agreement that the hydrogen overvoltage varies from one metal to
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another, primarily because of variations in the heat of adsorption of atomic
hydrogen on the metal. Indeed, good correlation between hydrogen
overvoltage and heat of adsorption has been demonstrated [197, 198]. The
heat of adsorption depends on the surface energy of the metal, and is
essentially a function of metal bond energy. There is no reason to assume
that the same does not apply to alloys. Only that the latter case is by far
more complex, the magnitude of the bond energy, or surface energy, will in
all probability vary from one phase to another and its values for grain
boundaries will be different. Even within a grain the bond energy is likely to
change because of possible structure incoherencies and microsegregation.
The measured value of the hydrogen overvoltage is obviously a weighted
average of the actual values for each site which in turn depends on the bond
energy value for the site. Thus, variations in the hydrogen overvoltage can
serve to indicate changes in the microstructure or local solute concentration.
Because the microstructure analysis for the Pb-Ca-Sn-Al alloy with various
selenium content in chapter 3 does reflect the influence of selenium on the
microstructure, such as grain size and grain boundaries, it is reasonable to
believe that the increased effect of the hydrogen evolution over potential on
the alloy with proper amount of selenium additions is therefore attributed to
the variations in the alloy surface due to the reduction of active centers for
the hydrogen volution reaction on the electrode.
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Although reproducibility of results in the present study could be
impaired by electrode surface preparation or pretreatment, extensive tests
with this system have shown that linear sweep voltammetry on the
electrodes basically suffered from electrolyte contamination (presence of
impurities), hydrogen and anion adsorption.
Other foreseeable problems were associated with solution resistance
and diffusion polarization (concentration overvoltage) as well as gas bubble
polarization of the electrode surface.
It was found in this work that the reproducibihty of the potentialcurrent relationship on an electrode was severely affected by the factors
stated above, resulting in instability which was observed as a time
dependent variabihty in the current signal. This fact was also noted by
Tafel, Hickling and Bockris who concluded that the variation of overvoltage
with time is a fundamental feature of overvoltage phenomena at certain
cathodes, and is not due to inadequate experimental control [198 - 201].
The deflection recorded on the Tafel curves can be explained as a
result of the restructuring of the double layer of the electrode interface, with
changing potential. It is concluded by Conway [202] that for a reaction
which proceeds by two or more steps in series, there will arise a sequence of
Tafel-line segments in the relation.
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The point of zero charge of the electrode is also considered crucial to
the Tafel behavior of the hydrogen evolution reaction [203, 204], which
does appear within the current density range examined. However, according
to the account of Krishtalik [205] the deflection on the Tafel curves has
nothing to do with an effect of impurities or self-dissolution of the cathode,
or the effect of the logarithmic adsorption isotherm in the various current
density regions, and point of zero charge. Other factors that cannot be
excluded from this standpoint as affecting the hydrogen evolution reaction
could be the imminent recrystallization of the lead surface after being
deformed by the polished process, as well as properties of hydrogen entry
into the metal electrode [206, 207].
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Chapter 7 Conclusion

1. A reliable way to cast Pb-Ca-Sn-Al-Se alloy has been successfully tried
in this study. Sn-Al binary alloy, together with calcium is added into the
molten lead to make the Pb-Ca-Sn-Al master alloy. To effectively
dissolve selenium powder, a special mesh container was designed to
hold the wrapped selenium powder into Uquid alloy until it is fully
dissolved.

2. Incorporation of a certain amount of selenium (i.e. from 0.01 wt. % to
0.06 wt. %) in Pb-Ca-Sn-Al alloy results in smaller grains and narrower
grain boundaries, while excessive selenium additions (i.e. 0.1 wt. %)
feature large dendritic crystals and broad grain boundaries.

3. Suitable selenium additions enhance the hardness of Pb-Ca-Sn-Al alloy
while the property decreases sharply at a content of 0.1 wt. % Se in the
alloy. A similar situation is observed for tensile strength measurement
that the value reaches a maximum with content between 0.01 wt. % and
0.03 wt. % and then is reduced evidently when the alloy content reaches
0.1 wt. % Se. These mechanical properties indicate that alloying
selenium could be beneficial to the strength of the Pb-Ca-Sn-Al grid
alloy and eventually prevent electrode from growth during service.
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4. The investigations of the property of passive film formation on Pb-CaSn-Al-Se alloy, including results from both potentiodynamic anodic
polarization plot and cyclic voltammetry show that alloying selenium
could suppress passive current density, especially from the current,
which represents the dissolution of Pb to Pb^"^, the formation of PbS04
and inner layer of PbO, and the reaction of PbS04 ^ Pb02, This
behaviour indicates that selenium could enhance the stability of the
passive film of Pb-Ca-Sn-Al alloy in the order Se3oo>Seioo>Se6oo>Seooo5. The study of impedance behaviour of Pb-Ca-Sn-Al-Se alloy confirms the
above result and the highly resistive property of the PbO passive film
forming on the selenium containing alloy. However, the lower resistance
of the oxide layer on Pb-Ca-Sn-Al-Se alloys at above +1.0v could be
attributed to the transformation kinetics from PbO to PbOx and then aPb02 as well as the oxygen evolution reaction. The fitted equivalent
circuits have been successfully studied on both the alloys with and
without selenium.
6. The comparison of the oxygen evolution rate shows that this property is
governed largely by the addition of selenium which enhances oxygen
evolution. Within the potential range from 1.65v to 1.85v, the oxygen
evolution rate increases in the order Seooo<Se6oo<Seioo<Se3oo. A higher
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rate of oxygen evolutions may be beneficial for the gassing
recombination reaction on the negative plate.
7. Selenium has a profound influence on the hydrogen overpotential of PbCa-Sn-Al alloy. Both the qualitative measurement (LSV) and quantitative
calculation (Tafel parameters) illustrate that selenium addition results in a
decrease in the hydrogen evolution rate of Pb-Ca-Sn-Al alloy. This result
could also be of relevance to the maintenance free lead acid battery by
minimizing the hydrogen evolution rate on the negative electrode and
therefore reducing both the gas generation and finally, the water loss.
Among the experimental alloys, the one containing 0.03 wt. % Se is
found to be critical and exhibits the lowest hydrogen evolution rate
within the investigated potential range.
Since battery manufacturing is practical and industrial rather than
theoretical, only the results which may influence the properties of casting
grids of a Pb-Ca-Sn-Al-Se alloy in practice are hsted in this conclusion
section instead of some theoretical observations (i.e. the distinct inflection
on Tafel plots for Pb-Ca-Sn-Al-Se alloys). In brief, as a result of this study,
selenium could be cast with Pb-Ca-Sn-Al grid alloy to improve its corrosion
resistance, passivition properties and gassing characteristics, and within the
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present field of investigation, the most suitable content of selenium could be
0.03 wt. % at least from the view of practical electrode manufacture.
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Appendix

Appendix 1 Density of lead compounds

Compound

Density

Pb20

8.34

t-PbO

9.32

o-PbO

9.67

Pb304

9.10

Pb02

9.37

PbS04

6.32

Pb0PbS04

7.02

3Pb0PbS04H20

6.50

4Pb0PbS04

8.15

PbOPb(OH)4

7.59

Appendix

Appendix 2 Solubility of lead compounds

Compound

Temperature (®C) Solubility (kg/L)

Pb(CI04)23H20

25

5

Pb(CI03)2H20

18

1.513

Pb(NH2S03)2

25

0.710

PbSiFg

20

0.690

Pb(N03)2

25

0.565

Pb(C2H302)

25

0.560

Pb(Br03)2

20

0.0134

PbCl2

25

0.0105

PbBr2

25

0.0098

Pb(CI02)2

25

0.0012

PbF2

25

0.00068

Pbl2

25

0.00067

PbS04

25

44x10"^

Pb(I03)2

25

22x10-^

Pb02

25

(5-200x10-^

PbC03

20

(l.l-18)xlO-^

PbS

20

8.6x10"^

Pb3(P04)2
PbCr04

20

1.4x10"^

25

5.8x10'^

